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Abstract 
Soil represents a large and significant store of carbon (C), containing two third of all 
terrestrial C in organic form. In Australian temperate forests, fire is an important 
driver of C storage. When C in plant biomass is combusted it is transformed into 
vegetation residues (referred to here as pyrogenic organic matter, pyrOM) and 
deposited in varying amounts and forms onto soil surfaces. The C content of pyrOM 
is substantial and largely in a chemically stable form which is highly resistant to 
microbial decomposition. To date, most studies investigating the impacts of fire on 
soil have focused on direct effects on soil functioning, however, little is known about 
how the deposition of pyrOM influences the dynamics of soil C. The broad aim of 
this study was to examine the effects of pyrOM produced during prescribed fire on 
the various pools of soil C. 
My research encompassed nine prescribed fires in mixed species eucalypt forest in 
Victoria, Australia. The modification of pools of soil C and nitrogen (N) by fire was 
described. Soil was collected before fire and at three times post-fire (1 week, 1 month 
and 1 year). At each site, the sampling strategy included repeated collection of soil 
from multiple permanent plots during summer to avoid fluctuation in soil C pools 
caused by spatial and seasonal variation. Temporal change in soil C and N pools 
(total, labile and microbial biomass) was assessed. This study identified that total C 
and N remained unchanged. In contrast, the labile and microbial biomass pools of 
soil C and N are most affected by prescribed fire, and the impact varies among 
different times since fire. This knowledge is particularly pertinent as many published 
studies only report on total C and N in soil which can lead to misleading or 
inconsistent generalisations about the effects of fire on soil. 
Two soil incubations were conducted to examine the influence of pyrOM on soil C 
dynamics and nutrient availability. Soil collected prior to prescribed burning or 
immediately after prescribed burning from within unburnt patches of burnt areas was 
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used to remove the effects of addition of pyrOM or soil heating. Pyrogenic OM 
created during each prescribed burn was added to soil prior to incubation (i.e. site-
specific pyrOM and soil). The first incubation focused on changes in microbial 
respiration after addition of pyrOM over a 72 h period (short-term incubation). 
Pyrogenic OM (<2 mm) was added at rate of 5% to soil with differing soil moisture 
content (55 and 70% water holding capacity) and microbial respiration was 
measured continuously. Labile pools of soil C and N, extractable phosphorus (P), 
and microbial pools of C, N and P were measured at four time points during the 72 
h incubation. The addition of pyrOM resulted in faster rates of microbial respiration 
compared to unamended soil. The stimulation of microbial respiration was highly 
correlated with the amount of labile C and extractable P in soil. Soil moisture did not 
significantly affect microbial response or soil nutrient availability after addition of 
pyrOM. 
The second incubation built on the short-term incubation by extending the 
incubation time (86 d) and varying the size fractions (<1 and 1–4.75 mm) and 
amounts (2.5 and 5% by soil dry weight) of pyrOM added. This long-term 
incubation focused on the C balance in soil, with pyrOM as the C input and carbon 
dioxide released from microbial respiration as the output. Pyrogenic OM and soil 
from a subset of five sites were examined. Microbial respiration was measured nine 
times at day 1, 3, 8, 15, 23, 30, 45, 59 and 86. The amount of pyrOM added had 
greater influence on microbial respiration compared to the size fraction of pyrOM 
used. Stimulation of microbial respiration varied among soil from different sites in 
terms of duration and magnitude of response when compared to unamended soil. 
Nevertheless, the amount of C added as pyrOM largely outweighed the loss of C via 
respiration, ultimately representing a net gain of C in soil. 
Despite the large body of literature that has shown the benefit of combustion residues 
as a means of long-term C storage, little is known about how much C enters the soil 
matrix as pyrOM and becomes part of the soil system after fire. The final component 
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of this research quantified and characterised pools of soil C before and at different 
time since fire. Quantification of C associated with pyrOM (pyrOM-C) was achieved 
by using mid-infrared spectroscopy and a rule-based regression model (Cubist). A 
calibration model was built using soil samples spiked with known amounts of 
pyrOM-C as measured using the Kurth-MacKenzie-DeLuca digestion method. The 
molecular composition of the organic component of soil collected before and after 
prescribed fire was identified using pyrolysis gas chromatography-mass spectrometry 
in the presence of tetramethylammonium hydroxide. Result from these two different, 
yet complementary, analytical techniques showed that fire did not appreciably change 
the concentration of pyrOM in soil, and the molecular composition of C in soil was 
also not affected. 
This research investigated the role of fire and pyrOM in soil C dynamics and 
contributes new knowledge to the complex patterns associated with redistribution of 
C after prescribed burning. The comprehensive assessment of changes in nutrient 
pools in soil also provided robust evidence that low intensity prescribed fire has 
relatively small effects on nutrients and has a short-lived impact on processes such as 
microbial respiration associated with soil C dynamics. Findings from this study 
provide a basis for further discussion and development of fire management plans with 
consideration of protecting soil C in temperate forest ecosystems. 
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Chapter 1:  
Forest fire, soil and carbon 
1.1 Carbon in temperate eucalypt forests 
Worldwide, an average of 3.7 million km2 of land is burnt each year by vegetation 
fires (Giglio et al. 2010). Among the many fire-prone regions, Australia is the second 
largest with an average area of 0.54 million km2 burnt annually during the years 
2001–2008 (Giglio et al. 2010). In Australia, temperate eucalypt forests are among 
the most fire-prone vegetation types. Located mainly in southern Australia and 
covering 0.66 million km2 of the continent, temperate eucalypt forests are dominated 
by a range of species of eucalypts (Department of Environment 2015). The forest 
featured in this thesis is dominated by several species including Eucalyptus baxteri 
(Brown Stringybark) and E. obliqua (Messmate Stringybark).  
Temperate eucalypt forests in Australia represent a large carbon (C) pool and have 
higher net primary productivity (2.0–2.5 g C m-1 d-1) compared to other fire-prone 
vegetation types such as savanna (less than 1 g C m-1 d-1) (Haverd et al. 2013). Soil is 
the second largest C store after overstorey biomass representing 80–182 t C ha-1 and, 
depending on forest type, C stored in soil can be as much as the C stored in 
overstorey biomass (Volkova et al. 2014; Jenkins et al. unpublished; Table 1.1). 
Fire, interchangeably referred in the literature to as both bushfire and wildfire, is a 
regular disturbance in temperate forest ecosystems in Australia and a fire frequency of 
3–50 years is common in dry temperate forests (Thomas and McAlpine 2010). Fire 
can modify the structure and function of vegetation (Bowman et al. 2009; William et 
al. 2012) and can cause the release of considerable amounts of C to the atmosphere 
(van der Werf et al. 2003; Bowman et al. 2009). It has been estimated that, in 
  
2 
 
Australia, the combustion process of vegetation releases an average of 127 Tg C y-1 
(Haverd et al. 2013). This can equate to considerable losses of C from aboveground 
biomass over a relatively short period of time (Table 1.1).  
Dynamics of C cycling in forests continues to change with time since fire. For 
belowground C, prescribed fire can have minimal impacts on C storage immediately 
after fire (Neary et al. 1999; Johnson and Curtis 2001; Nave et al. 2011). However, 
indirect losses of C through soil respiration can be stimulated due to release of 
nutrients after fire and associated change in pH (Humphreys and Lambert 1965; 
Adams and Attiwill 1991; Chambers and Attiwill 1994; Khanna et al. 1994; Knicker 
2007; Goberna et al. 2012). Alternatively, rates of C loss can be decreased if fire is 
intense enough to kill soil microorganisms (Raison 1979; Prieto-Fernández et al. 
1998; Dooley and Treseder 2011) or due to removal of the litter layer which acts as 
an energy source for soil microorganisms before fire (Certini 2005). Soil respiration 
represents a large proportion of the output of C from the biosphere to the 
atmosphere. Modelling of data from Australia collected between 1990–2011 has 
shown that C released via soil respiration can be even greater than the amount of C 
released during fire (Harverd et al. 2013). 
This thesis focuses on the impact of prescribed fire on belowground C dynamics and 
the association of fire with organic matter in the soil. In the following sections of this 
Introduction, the mechanisms related to impacts of fire on soil organic matter 
(SOM) will be described. The focus will then switch to how the organic matter that 
is modified by fire, the so-called pyrogenic organic matter (pyrOM), can influence 
soil C dynamics. 
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Table 1.1: Typical distribution of carbon (C) in temperate eucalypt forests before and after fire. Full description of forest types is given in 
Department of Sustainability and Environment (2004). 
Forest C 
components 
Material sampled Forest type Fire type C load pre-fireP / 
unburnt site U 
(t C ha-1) 
C load  
post-fire 
(t C ha-1) 
Reference 
Aboveground 
overstorey 
Tree diameter ≥20 
cm 
Foothill forest Prescribed fire 118P 116.5 Volkova and Weston (2013) 
 Tree diameter ≥20 
cm 
 
Lowland forest Prescribed fire 181P 181.0 Jenkins et al. unpublished 
Aboveground 
understorey 
Tree diameter <20 
cm 
Foothill forest Prescribed fire 15.1P 12.0 Volkova and Weston (2013) 
 Tree diameter ≥2 
cm and ≤20 cm 
 
Lowland forest Prescribed fire 6.3P 3.9 Jenkins et al. unpublished  
Aboveground 
litter / coarse 
woody debris  
Litter and CWD 
between 2.5 and 15 
cm diameter 
Foothill forest Prescribed fire 21.6P 20.2 Volkova and Weston (2013) 
 CWD, diameter 
>2.5 cm 
Open forest Prescribed fire 45.9U 19.6 Aponte et al. (2014) 
 Fine litter <2.5 cm, 
CWD >25 cm 
Lowland forest Prescribed fire 39.5P 25.1 Jenkins et al. unpublished  
 Litter and organic 
layer on soil surface 
Dry shrubby 
forest 
Wildfire 24.6P 2.3 Volkova et al. (2014) 
U refers to measurement from adjacent long unburnt site 
P refers to pre-fire measurement  
CWD refers to coarse woody debris 
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Table 1.1 continued. 
Forest C 
components 
Material sampled Forest type  Fire type C load pre-fireP 
/unburnt siteU  
(t C ha-1) 
C load  
post-fire 
(t C ha-1)  
Reference 
Pyrogenic 
organic matter  
Ash Mixed species 
forest 
 
Wildfire  n/a 5.9  Santín et al. (2012) 
 PyrOM <9 mm Lowland forest 
 
Prescribed fire n/a 2.1 Jenkins et al. unpublished 
 Charred CWD Open forest 
 
Prescribed fire 0.02U 0.3 Aponte et al. (2014) 
 PyrOM deposited 
on forest floor 
Dry shrubby 
forest 
 
Wildfire n/a 1.0 Volkova et al. (2014) 
Belowground 
and soil C  
 
Duff and soil to 30 
cm 
Foothill forest Prescribed fire 80P 79.5 Volkova and Weston (2013) 
 Mineral soil to 30 
cm 
Lowland forest Prescribed fire 181.7P 184.6 Jenkins et al. unpublished  
U refers to measurement from adjacent long unburnt site 
P refers to prefire measurement  
CWD refers to coarse woody debris 
PyrOM refers to pyrogenic organic matter 
n/a refers to data not available  
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1.2 Impact of fire on the forest floor and soil 
1.2.1 The forest floor as surface fuel  
The impact of fire on soil depends mainly on fire intensity which is largely controlled 
by the characteristics of fuel. Any combustible material is described as fuel (Sullivan 
et al. 2012) and it can be categorised into a range of visually identifiable strata 
(Gould et al. 2007). The structure of fuel in temperate eucalypt forests is complex, 
ranging from organic material on the forest floor (surface fuel) to the understorey 
vegetation layer (elevated fuel) and to the overstorey tree canopy (Figure 1.1; Gould 
et al. 2011). Whether a particular fuel stratum is combusted during a fire depends on 
environmental conditions (e.g. topography and meteorology) and the intensity of fire 
(Sullivan et al. 2012). For low intensity prescribed burning, the primary aim is to 
reduce fuel load with minimal impact on vegetation (Ellis et al. 2004). As a result, 
surface fuel should be consumed during prescribed fire. The surface fuel layer in 
temperate eucalypt forests generally includes aboveground litter (leaves, twigs and 
bark) that is less than 25 mm in diameter (Gould et al. 2011; Sullivan et al. 2012), 
coarse woody debris (CWD, >25 mm diameter) (e.g. fallen branches and logs) and 
organic matter, also known as the combination of litter and duff (the layer of 
decomposing humus above the mineral soil).  
 
Figure 1.1: Schematic diagram illustrating fuel strata in a typical temperate 
Eucalyptus forest that can be identified visually (from Gould et al. 2011). 
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Two of the characteristics of surface fuel that can affect fire intensity are fuel load and 
fuel moisture content (Viegas et al. 1992; Plucinski and Anderson 2008; Bradstock et 
al. 2010; Ganteaume et al. 2011; Gould et al. 2011). Fuel load is quantified as mass 
per unit area (McCaw 2013), which is positively related to fuel depth (Ganteaume et 
al. 2009) and time since last fire (McCaw 2013). A typical eucalypt forest has 
approximately 10–13 t ha-1 of surface fuel (Sullivan et al. 2012). Surface fuel load can 
also be quantified according to depth and extent of ground coverage and these 
metrics are used to assess fire risk (Hines et al. 2010; Gould et al. 2011). For 
example, according to Hines et al. (2010), surface fuel with a depth of less than 10 
mm and less than 60% ground cover can be considered low risk and any fires 
igniting in areas with these conditions are likely to be localised. Areas where the 
surface fuel layer is greater than 35 mm deep and more than 95% ground cover are 
considered as extremely high risk and it is likely that under these conditions fire will 
spread rapidly and flame height and fire intensity increases accordingly. 
Fuel moisture content refers to the amount water contained in fuel and is an 
indication of how rapidly fuel is ignited. Moist fuel is less likely to ignite compared to 
dry fuel and when moisture content is greater than 30% dry weight fuels are unlikely 
to be ignited at all (Plucinski and Anderson 2008). The moisture content of fine fuel 
(<6 mm) is strongly related to meteorological conditions and can fluctuate within a 
few hours (Viegas et al. 1992). Surface fuel located on valley floors tends to have 
higher fuel moisture content and is therefore less likely to promote crown fire 
compared to fuel located on drier ridge tops (Bradstock et al. 2010). 
Depending on weather conditions and fuel characteristics, such as fuel moisture and 
fuel load, flame heights generated during prescribed burning are generally small (<1 
m) and emit relatively low amounts of energy as heat and light. When conditions are 
favourable for combustion (e.g. high fuel load, bark and elevated fuel acting as ladder 
fuels), flame height can increase and propagate fire into elevated fuel layers causing 
canopy scorch (Figure 1.2). In general, the residence time of flaming fire is short and 
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soil heating is minimal. Smouldering fires occur during combustion of deep duff 
layers and large pieces of CWD such as fallen tree trunks. Smouldering fires are 
characteristically flameless and, as they have a slow rate of spread, are less likely to 
cause combustion of vegetation. Smouldering fires are, however, likely to cause 
damage to soil given the long residence time of fire (Rein et al. 2008). Due to large 
variations in fuel loads and environmental conditions, fire severity caused by 
prescribed fire can vary within and between fires (Figure 1.2). 
 
Figure 1.2: Example of prescribed fire in temperate Eucalyptus forest. The average 
flame height is usually less than 1 m but under some circumstances can reach the 
elevated fuel layer via ladder fuel such as bark. This image is from one of the study 
sites (Frogs Hollow) described in detail in Chapter 2. 
 
1.2.2 Soil heating 
The impact of fire on soil depends on the maximum temperature reached and the 
duration of heating, both of which are a function of soil depth and other soil 
characteristics (e.g. moisture content, bulk density and sand/clay content) (Raison 
1986; Neary et al. 1999; Keeley 2009). During fire, thermal energy is transferred 
from heated fuel to soil mostly via conduction and, to a lesser extent, by radiation 
(Hillel 1982). Fires of greater intensity generally result in soil reaching higher 
temperatures. However, soil has a substantial capacity for insulation and 
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temperatures are usually much lower in the mineral soil than the combustible fuel 
layer. For example, Wüthrich et al. (2002) found that, in an experimental burn, the 
maximum temperature reached in the fuel layer (744 °C) was 1.5 times higher than 
the temperature in the top 5 cm of mineral soil (487 °C). As a consequence, fire can 
remove a considerable portion of the aboveground biomass with little loss of C from 
soil (Nave et al. 2011). For low intensity fires, soil temperature at 2.5 cm depth rarely 
exceeds 100 °C (e.g. Floyd 1976; Raison 1979; Bradstock and Auld 1995; Hatten 
and Zabowski 2010). In addition, heating decreases with soil depth. Bradstock and 
Auld (1995) found an exponential decrease in soil temperature from more than 100 
°C to 30 °C in the 0–10 cm soil depth profile. Soil at depths of as little as 5 cm may 
be unaffected by fire (Floyd 1976; Santín et al. 2015).   
Heat transfer in soil occurs mainly through conduction and the temperature response 
of soil to fire varies with soil moisture content (Miyanishi and Johnson 2002). Water 
conducts greater heat than air (nearly 25 times greater), therefore, heat conductivity 
increases with increasing moisture content of soil (Hillel 1982). However, when the 
temperature of the surface layer of litter is near 100 °C, heat energy is absorbed by 
water (the latent heat of evaporation) until all of the moisture has been evaporated. 
While evaporation is taking place, the underlying soil is prevented from increasing in 
temperature (Hartford and Frandsen 1992). Once the moisture has been removed 
from the litter and surface soil, additional heat energy initiates the combustion 
process in the litter layer and SOM. As an example, during fire in conifer forests in 
the United States, for surface organic layers with moisture content greater than 60%, 
the temperature of the underlying mineral soil reached a plateau at about 100 °C 
whereas if the moisture content was less than 20% the temperature of soil increased 
up to 400 °C (Hartford and Frandsen 1992). 
During combustion, soil is thermally modified according to a number of temperature 
thresholds (Bodí et al. 2014; Figure 1.3). Between 60–120 °C soil microorganisms 
and plant roots begin to die due to their low tolerance to heat (Neary et al. 1999). 
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From temperatures of 200–500 °C, nitrogen is volatilised and beyond 700 °C, 
macronutrients such as potassium and phosphorus begin to volatilise. For carbon-
based compounds, the temperature range of thermal modification is much wider 
than for individual inorganic compounds (Figure 1.3). Organic compounds that are 
sensitive to temperatures lower than 100 °C (e.g. volatile organic compounds) are 
readily volatilised or converted to CO2. Other organic compounds are transformed to 
form more condensed aromatic structures (see Section 1.3). The most recalcitrant 
fractions of C may not be volatised until 900 °C (Kuo et al. 2008). 
 
Figure 1.3: Thermal dynamics of soil chemistry (from Bodí et al. 2014). 
 
1.3 Pyrogenic organic matter 
After fire a layer of organic residue remains on the forest floor resulting from 
combustion of materials such as cellulose, pectin, lignin, protein and amino acids 
(Knicker 2007). In this study, this post-fire residue is referred to as pyrogenic organic 
matter (pyrOM). Pyrogenic OM is a generic term that includes the products of 
incomplete combustion of vegetation and fossil fuels (Goldberg, 1985). Pyrogenic 
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OM encompasses a continuum of combustion residues such as ash and partially 
charred biomass and combustion condensates such as soot and highly graphitized 
material (Figure 1.4; Hedges et al. 2000; Elmquist et al. 2006; Preston and Schmidt 
2006). Apart from vegetation fires, pyrOM can also be produced under controlled 
temperature and pressure in industrial pyrolysis facilities. For example, ‘biochar’ is 
produced during combustion of agriculture by-products (e.g. plant material and 
livestock manure). This form of pyrOM is most often produced for soil amendment 
purposes such as fertiliser and for C sequestration. Some studies also use pyrOM 
made with plant material in the laboratory under low-oxygen conditions (burning 
with nitrogen gas, e.g. Hammes et al. 2006; Abiven et al. 2011; Singh et al. 2014). 
This study focuses on pyrOM produced during prescribed fires that remains in situ 
and can range from finely divided ash to partially charred plant material that still has 
recognisable features of the original plant structure. 
 
 
Figure 1.4: Combustion continuum of pyrogenic organic matter. Temperature and 
pressure are referred as to T and P, respectively. Atomic oxygen to carbon ratio is 
referred as to O/C (from Elmquist et al. 2006). 
  
11 
 
1.3.1 Combustion continuum 
Pyrogenic OM is often represented as a continuum of compounds (Figure 1.4), 
which can be broadly classified into four major components: (1) charcoal, (2) char, 
and (3) ash and (4) soot. Unfortunately, these four components are often poorly 
defined and the terms are used inconsistently in the literature as there are no clear 
boundaries according to chemical or physical properties (Schmidt and Noack 2000). 
As an illustration of this and to clarify terms used in this study, Table 1.2 lists some 
of the important terms used for components of pyrOM. Charcoal and char most 
often refer to charred material that has retained most (char) or some (charcoal) of the 
recognisable structures of the original biomass but the chemical composition have 
been altered significantly during the combustion process (Figure 1.5). Ash refer to 
the mineral-rich powdery residue remaining on-site after a fire (Graetz and Skjemstad 
2003). Soot refer to material that is produced from the condensation of gas phase 
intermediates, which can become airborne and may travel away from the site where it 
was produced (Clark 1988; Clark et al. 1998). Due to the hazardous threat that soot 
poses to human health, there are many studies concerning this type of pyrOM but in 
these studies this fraction is mostly referred to as particulate matter. Ash is the fine 
powder-like residue that remains on site after combustion. It is rich in minerals 
(Kuhlbusch et al. 1996; Bodí et al. 2014) and highly susceptible to water and wind 
erosion (Forbes et al. 2006).  
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Table 1.2: Terminology and definitions related to pyrogenic organic matter.  
Term  Definition Comments  
Pyrogenic 
organic matter 
(pyrOM) 
Plant material that has an 
altered chemical composition 
due of heating in a fire  
Interchangeable with the term “inert 
organic matter”2, highly carbonised 
organic material including charcoal, 
charred plant residues, graphite and 
coal 
 
Pyrogenic 
carbon  
(pyrOM-C) 
The polymeric, aromatic to 
graphitic C fraction in fire-
altered material or smoke 
particulates4,5 
 
This term is synonymous with the 
term black C1. Pyrogenic C also 
refers to C compounds contained in 
pyrogenic organic matter (Figure 
1.5, called pyrOM-C in this thesis) 
Charcoal 
 
Any black-coloured plant-
derived material that has had 
its chemical composition and 
ultrastructure altered as a result 
of heating in a fire and retains 
recognisable anatomic 
structures of the parent plant, 
even if only in a fragmentary 
form5 
 
 
Ash/wood ash The mineral-rich powdery 
residue remaining on-site after 
a fire 4. Wood ash is produced 
from combustion of wood 
products3 
 
Toward the “graphite-end” in the 
combustion continuum (Figure 1.4) 
Biochar A solid material obtained from 
thermochemical conversion of 
biomass in an oxygen-limited 
environment6 
 
Can be produced from plant material 
and animal manure. A recognised 
biochar required to satisfy 
requirement for degree of charring 
and chemical safety standard6 
 
1Goldberg (1985), 2Baldock and Skjemstad (2000), 3Demeyer et al. (2001), 4Graetz and 
Skjemstad (2003), 5Preston and Schmidt (2006), 6International Biochar Initiative (2014) 
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Figure 1.5: The distribution of carbon (C) in pyrogenic organic matter (pyrOM). 
“Thermally unaltered C” refers to C in the portion of biomass that is not altered 
during combustion (i.e. material still recognisable as leaves and twigs in the pyrOM 
pictured), “PyrOM-C” refers to C in the portion of pyrOM that is thermally-altered 
(i.e. blackened, unrecognisable fragments) and “total C” refers to the sum of C in 
thermally-unaltered C and pyrOM-C. 
1.3.2 Characterisation of pyrogenic organic matter 
Charring 
When organic matter is burnt but not completely combusted, organic compounds 
such as lignin and cellulose tends to form more chemically stable species such as 
polycyclic aromatic hydrocarbons (PAH). Polycyclic aromatic hydrocarbons contain 
C and hydrogen (H) in a structure of fused rings (Figure 1.6). These compounds 
usually contain at least two fused benzene rings and, in some cases, can contain rings 
of C that are not of six-C structure (e.g. pyrrole and indole, Figure 1.6). Due to the 
ring structure, pyrOM has a greater atomic ratio of C to other organic molecules, 
such as nitrogen (N) and H, and is a highly stable compound compared to straight 
chain compounds. The degree of thermal alteration of pyrOM is usually indicated by 
the presence of compounds with condensed aromatic rings, a high atomic ratio of 
organic molecules (N, H or oxygen (O)) per C molecule, or, as described shortly, 
stability against chemical digestion.  
Pyrogenic organic matter
PyrOM-CThermally 
unaltered C
Total C
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Figure 1.6: Examples of changes in the molecular structure of plant-derived 
compounds (a, c, e) after heating (b, d, f, respectively) (from Knicker 2011a). 
 
Elemental composition 
An understanding of the chemical properties of pyrogenic OM is particularly 
important as they reflect the potential for C storage and/or microbial decomposition. 
Pyrogenic OM is generally rich in C and depleted in N (Goldberg 1985). In 
addition, pyrOM commonly contains a substantial alkyl component and a high O 
content (González-Pérez et al. 2004). The atomic ratio of O or H to C is inversely 
related to the degree of thermal alteration, therefore a lower molar ratio (O/C or 
H/C) indicates a more condensed structure (Preston and Schmidt 2006). For 
example, the O/C ratio of partially charred material (e.g. char 0.4–0.6) is greater than 
that of highly charred material (e.g. charcoal 0.2–0.4, soot <0.2, Figure 1.4). The 
chemical nature of pyrOM can also be determined by the molar ratio of H/C and 
O/C. The corresponding molar ratio of H/C and O/C can be plotted to form a Van 
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Krevelen diagram (Figure 1.7) to describe the major composition of original material 
such as lignin and carbohydrates forming pyrOM (Preston and Schmidt 2006). 
 
Figure 1.7: Van Krevelen plot of molar ratios for typical biopolymers, biomass and 
charred materials (Preston and Schmidt 2006). 
 
The elemental composition of pyrOM varies with heating temperature, size fraction 
and age. The atomic ratio of O/C and H/C decreases with increase heating 
temperature (Baldock and Smernik 2002; Ascough et al. 2010). Pyrogenic OM of 
different size fractions also have different atomic ratios indicating that coarse 
fractions (>2 mm) may have a greater degree of charring compared to finer fractions 
(Nocentini et al. 2010a). The atomic ratio of pyrOM also changes over time since 
fire due to natural oxidation processes. For example, the atomic ratio of aged charcoal 
(>130 years) has been found to be lower than freshly made charcoal derived from 
similar plant material and production conditions due to natural oxidation when 
exposed to soil (Cheng et al. 2008a). 
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Condensed aromatic structure 
The formation of condensed aromatic ring structures is a commonly accepted 
characteristic of pyrOM (Preston and Schmidt 2006; Knicker et al. 2008). Based on 
the principle that pyrogenic OM is composed of condensed aromatic clusters, 
benzenepolycarboxylic acid (BPCA, Table 1.3) has been used as a molecular marker 
to indicate quality and quantity of pyrOM. When digested at high temperature and 
pressure with concentrated nitric acid, compounds with condensed aromatic ring 
clusters are oxidised and converted to benzenepolycarboxylic acid (Glaser et al. 1998; 
Brodowski et al. 2005b; Dittmar 2008). The number of carboxylic acid groups that 
are substituted on each BPCA is a function of the amount of aromatic C attached to 
it prior to oxidisation (Ziolkowski and Druffel 2009). The relative proportions of 
individual BPCA molecular markers provide information on the degree of 
condensation of pyrOM. In particular, the molecular marker that is only derived 
from polycyclic aromatic compounds, B6PA, so named as it has six carboxylic acid 
groups attached to it, indicates aromatic structures in pyrOM.  
 
 
 
 
 
 
 
 
  
17 
 
Table 1.3: Chemical structure of benzenecarboxylic acid (BPCA), from Glaser et al. 
(1998). 
 
The BPCA method has been used to understand changes in quality of pyrOM. 
Schneider et al. (2010) showed that pyrOM produced at high temperature has a 
more condensed aromatic structure as evidenced by increases in proportions of BP6A 
relative to total BPCA-C. The relative proportion of BP6A increased from less than 
10% to more than 40% as charring temperature increased from 200–1000 °C. The 
BPCA method has also been used to determine natural changes in pyrOM over time 
(“aging”, Schneider et al. 2010; Abiven et al. 2011; Singh et al. 2014). Varied results 
among these studies suggest that oxidation of pyrOM depends on both time and soil 
properties. For example, Abiven et al. (2011) compared leachates from aged pyrOM 
  
18 
 
(produced 10 years ago) and freshly made pyrOM, and found greater proportion of 
BP4A, B5CA and B6CA (indicator molecules with large aromatic clusters) from aged 
pyrOM. The authors suggested that the solubility of compounds with condensed 
aromatic clusters increased with time. In contrast, Singh et al. (2014) incubated 
laboratory-made pyrOM in soil for 1 year and found increased concentrations of 
smaller size aromatic clusters (indicated by BP3A) in soil. No change in composition 
of BPCAs was found in soil collected from sites with a chronosequence of up to 100 
years since fire indicating that the aromatic structure remained unchanged over time 
(Schneider et al. 2010). 
Molecular composition 
Analysis of the molecular structure of pyrOM can provide comprehensive 
information about structural changes that may have occurred during heating. For 
example, an increase in abundance of condensed aromatic compounds and a decrease 
in aliphatic compounds have been related to a high degree of thermal alteration (De 
la Rosa et al. 2008a; Kaal et al. 2014). Similarly, information about the molecular 
composition can help to identify the original plant material and the processes of 
pyrOM degradation. The use of analytical techniques such as nuclear magnetic 
resonance (NMR) spectroscopy and pyrolysis gas chromatography mass spectroscopy 
(Py-GC/MS) can provide highly detailed information about the molecular 
composition of pyrOM. 
Solid-state 13C NMR spectroscopy relies on the chemical shift of polarity within 
bonds of C, N and H for detection with two-dimension resolution to reveal the 
linkages and proximities of atoms (Hedges et al. 2000). The data generated by 13C 
NMR spectroscopy are usually depicted on a spectrum showing the intensity of the 
chemical bonding against occurrence (ppm). Solid-state 13C NMR spectroscopy has 
been particularly useful for detection of functional groups of compounds and has 
been used for identification and understanding the chemical changes of pyrOM. 
Rumpel et al. (2002) used this method to identify the chemical composition and 
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degradation of organic matter in soil at different depths. Alkyl-C compounds tend to 
increase with depth indicating the presence of plant-derived material such as cutin 
and suberin. Nocentini et al. (2010a) studied the chemical nature of charcoal 
collected from a wildfire with 13C NMR spectroscopy and found aromatic ring 
structures in all four size fractions of pyrOM with the greatest amount occurring in 
the coarse fraction (>1 mm). Pyrogenic OM produced at higher charring 
temperatures result in an increase in aromatic-C and a decrease in alkyl-C (Czimczik 
et al. 2002).  
Pyrolysis GC/MS is a technique that combines gas chromatography and mass 
spectrometry. Pyrolysing pyrOM under a stream of pure helium or hydrogen gas 
allows large compounds to be fragmented into smaller compounds which can then be 
detected and identified by GC/MS (Kaal et al. 2008a). The abundance of PAH 
compounds can indicate the degree of thermal alteration (e.g. higher charring 
temperature or duration). For example, Py-GC/MS has been used to show that 
concentrations of toluene, naphthalene and benzonitrile increase with charring 
temperature (Kaal and Rumpel 2009). In contrast, a decrease in abundance of 
carbohydrate-derived compounds has been found for pyrOM with higher degree of 
thermal alteration. In the same work by Kaal and Rumpel (2009), levels of 
levoglucosan and 4-vinlsyringol were found to decrease with increasing charring 
temperature. 
1.4 Pyrogenic organic matter and carbon cycling in soil 
1.4.1 Soil carbon 
Soil C typically refers to organic and inorganic C contained in both living and non-
living components of soil (Kleber and Johnson 2010). To once again clarify 
terminology used, the research presented in this thesis focuses on organic C fractions 
and hereafter will be referred to as soil C. Approximately 1500 Gt C is stored in the 
top 1 m soil around the world (Eswaran et al. 1993; Lal 2004) and about two-thirds 
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of terrestrial C is stored in soil (Batjes 1996). Soil C is important for two reasons. 
Firstly, soil C is associated with various soil functions such as nutrient retention, 
maintenance of soil structure, soil fertility and aboveground productivity (Reeves 
1997). Secondly, soil represents a large pool of C, which can either be a source or a 
sink of C depending on vegetation, climate and management practices (Post and 
Kwon 2000; Lal 2004; Jandl et al. 2007). 
Soil C can be derived from both plants and microorganisms. Plant-derived C mostly 
originates from (1) decomposing roots, (2) root exudates (Kuzyakov and Domanski 
2000; Jones et al. 2004), and (3) aboveground plant litter (Kögel-Knabner 2002). 
Soil C can also be derived from (4) microbial biomass from fungi and bacteria 
(Kögel-Knabner 2002; Clemmensen 2013, 2015) and (5) pyrOM. It is only recently 
that pyrOM has begun to be recognised as an important form of C input to soil 
(Schmidt et al. 2011). It can represent up to 40% of soil C depending on the 
vegetation (Preston and Schmidt 2006) and up to 67% of C in some Australian soils 
(Lehmann et al. 2008). 
1.4.2 Soil carbon pools 
Soil C can be categorised into various pools according to the intrinsic molecular 
structure (Ekschmitt et al. 2005, Kogel-Knabner et al. 2008, Knicker 2011a) and 
decomposition rate (Trumbore 2006). For the purpose of this study, soil C is 
categorised into three pools including active, slow and passive (Table 1.4) as defined 
by the Century-C model, version 4 (Mertherell et al. 1993).  
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Table 1.4: Classification of components of soil carbon (C) based on the Century-C 
model, version 4 (Mertherell et al. 1993). 
Soil C 
pool1 
C turn 
over 
time1 
Role in soil C 
cycling2, 3 
C source1, 3 Compounds3, 4  
Active Hours, 
months 
and up to 
years 
Energy source for 
microbes and 
plants 
 
Rhizodesposits, 
dissolved C 
substrates 
Carbohydrates, 
amino acids 
  Drivers for soil C 
turnover 
Microbial biomass 
(e.g. fungi and 
bacteria) 
Amino acids, 
protein, chitin, 
carbohydrates, 
polysaccharides 
 
Slow  Months 
to 
decades 
Maintenance of 
structure and 
physical 
functioning of soil 
Belowground plant 
biomass (e.g. roots 
<2 mm) 
 
Cellulose, 
hemicellulose, 
pectin 
  Aboveground litter 
(e.g. foliage, 
needles, woody 
debris) that is 
incorporated into 
soil  
Cellulose, 
hemicellulose, 
lignin, pectin, 
cutan, suberans 
Passive Tens of 
decades  
Maintenance of 
structure, water 
and nutrient 
retention, and 
physical 
functioning of soil, 
long term C 
storage 
Very resistant soil 
organic matter, 
pyrogenic organic 
matter 
Condensed 
aromatic C 
compounds 
1Mertherell et al. (1993), 2Jones et al. (2004), 3Ekschmitt et al. (2005), 4Kogel-Knabner 
et al. (2008) 
 
The active pool is composed of labile C and microbial biomass, with turnover time of 
days to years (Mertherell et al. 1993). Labile C is mostly derived from root exudates 
(Kuzyakov and Domanski 2000) and recycling of microbial biomass (Clemmensen 
2015). Labile C exists in the form of low molecular weight compounds such as 
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simple sugars and amino acids that are readily decomposed by soil microorganisms 
and are mostly used for metabolic functioning (Fontaine et al. 2003; Schimel and 
Weintraub 2003). The active C pool represents a small component of soil C (4–6%); 
however it contains the most rapidly cycled forms of C. 
Microbial biomass C is part of the active C pool. Microbial biomass is a measure of 
the size of microbial populations in soil and often refers to C stored in living 
microorganisms such as fungi and bacteria (Sparling 1985; Wardle 1992). Microbial 
biomass is strongly related to the amount of labile C in soil (Wardle 1992). 
Microorganisms are considered to be drivers of soil decomposition processes (Schimel 
and Weintraub 2003; DeLuca and Aplet 2008) and measures of microbial biomass 
have been used to indicate changes in rates of decomposition and, hence, soil C 
cycling. Due to its sensitivity to changes in labile C content, microbial biomass is 
commonly used as an indicator for soil biological function in agricultural 
management (Dick 1992; Lagomarsino et al. 2009; Winding et al. 2005), as well as 
for monitoring changes in soil after fire (Choromomanska and Deluca 2001; Dooley 
and Treseder 2011). 
The slow C pool (turnover time 20–50 years) includes SOM derived from structural 
plant material that is resistant to microbial degradation (Mertherell et al. 1993). This 
pool includes plant material composed of large complex molecules such as cellulose 
and lignin at varying stages of decomposition and can remain in the soil for decades 
as it is difficult for microbes to decompose (Lützow et al. 2006). The slow C pool is 
considered to be a long-term C sink and is the largest component of soil C. 
The passive pool includes C that is very resistant to decomposition (turnover time of 
400–2000 years) and includes physically- and chemically-stabilised SOM (Mertherell 
et al. 1993). It has been variously called refractory C (Derenne and Largeau 2001), 
inert C (Baldock and Skjestmad 2000; Coleman and Jenkinson 2014) and 
recalcitrant C (Baldock et al. 2007). This pool is poorly defined (Kleber 2010) but 
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can be broadly referred to as C that is chemically stable due to its intrinsic molecular 
structure (Bosatta and Ågren 1999). It is also biologically stable making it resistant to 
microbial decomposition (Davidson and Janssens 2006; Trumbore 2006; Marschner 
et al. 2008). Pyrogenic OM is commonly considered to be a form of passive C (e.g. 
Kuhlbusch and Crutzen 1995; Dai et al. 2005; Alexis et al. 2007; Cheng et al. 2008a, 
2008b; DeLuca and Aplet 2008) and to have a long residence time in soil (Preston 
and Schmidt 2006, Trumbore 2006; Schmidt et al. 2011). 
1.4.3 Stabilisation mechanisms of soil carbon 
Amounts of C in soil depend on the balance between C input (e.g. vegetation type, 
litter quality) and C output (e.g. microbial respiration and erosion). Persistence of C 
in soil varies from a few hours to hundreds of years (Schmidt et al. 2011; Trumbore 
2006, Table 1.4). The considerable variation in decomposition rates can be 
attributed primarily to the surrounding biotic and abiotic soil environment and only 
secondarily to intrinsic molecular structure (Amundson 2001; Schmidt et al. 2011; 
Dungait et al. 2012). Therefore, regardless of molecular composition, C compounds 
can persist in soil for long periods of time when associated with some form of 
chemical or physical stabilisation mechanism (Figure 1.8; Sollin et al. 1996; Baldock 
and Skjemstad 2000; Krull et al. 2003; Lützow et al. 2006; Kleber and Johnson 
2010; Dungait et al. 2012). 
One of the commonly accepted mechanisms of chemical stabilisation is organo-
mineral interaction (Kogel-Knabner et al. 2008), the intermolecular sorption between 
organic and inorganic substances (Guggenberger and Kaiser 2003). Sorption can be 
broadly referred to as the transfer of a solute at aqueous state to an existing solid 
phase (Sposito 2004), therefore this mechanism is particularly important for soluble 
fractions of C (Guggenberger and Kaiser 2003; Kaiser and Guggenberger 2003). 
Carbon compounds that have simple aliphatic structures can sorb onto surfaces of 
soil particles through ligand exchange (exchange of hydroxide groups). Whilst C 
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compounds of large molecular structure can be sorbed via formation of a polyvalent 
cation bridge (e.g. Mg2+, Fe3+, Al3+). For this reason, soils with high clay content (rich 
in amorphous irons and aluminium colloids) have greater sorption capacity than soils 
with low clay content (e.g. sandy loam). Sorption protects soil C from microbial 
attack when the adsorption affinity to the mineral is greater than that of the enzyme 
active site (Dungait et al. 2012).  
Soil C can be physically protected from decomposition by reducing the accessibility 
of soil microorganisms and enzymes (Lützow et al. 2006; Wiesmeier et al. 2012). 
This can be achieved by occlusion among soil particles, aggregates and binding 
agents. Fine particles (<20 µm; e.g. silt) bind together with SOM and polyvalent 
cations to form a larger network (microaggregate, 20–250 µm, Mayer et al. 2004; 
Lützow et al. 2006). Microaggregates are bound by cementing agents such as 
microbial cell secretions, root exudates and mucus from soil fauna to form 
macroaggregates (>250 µm). Aggregate formation protects soil C by (1) limiting 
accessibility and/or (2) limiting oxygen diffusion to the site of microbial activity 
(Lützow et al. 2006). However, even when soil C is protected by soil aggregates, it 
can be accessed by microbes through production and action of extracellular enzymes 
(Figure 1.8). 
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Figure 1.8: Conceptual diagram of carbon (C) turnover in forest soil (modified from 
Schimel and Weintraub (2003) and DeLuca and Aplet (2008)). PyrOM refers to 
pyrogenic organic matter. 
 
1.4.4 Microbial respiration 
Soil respiration is one of the major pathways for emission of C in terrestrial 
ecosystems and is a significant component of global C cycling (Raich and Schlesinger 
1992; Kuhlbusch and Crutzen 1995; Houghton et al. 1998; Cox et al. 2000). Soil 
respiration refers to the biological process of CO2 released from soil to the 
atmosphere. It can be classified as (1) autotrophic soil respiration when contributed 
from plant roots and the associated rhizosphere organisms, and (2) heterotrophic soil 
respiration (or microbial respiration) when contributed from soil microorganisms 
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such as fungi and bacteria in the organic and soil mineral horizons (Hanson et al. 
2000; Trumbore 2006).  
Microbial respiration is controlled by a range of abiotic factors such as soil moisture 
content, temperature and availability and quality of C substrates. Table 1.5 
summarises the important drivers of microbial respiration, a topic which has been 
comprehensively reviewed. Microbial respiration is temperature-dependant such that 
the rate of microbial respiration increases exponentially with temperature (Lloyd and 
Taylor 1994; Fang and Moncrieff 2001; Davidson and Janssens 2006). Soil moisture 
is positively related to microbial respiration to a threshold, however, this relationship 
(as described using mathematic functions) varies depending on soil and vegetation 
type (Orchard and Cook 1983; Harward and Harward 1993). Under extreme 
moisture conditions, such as low moisture content causing desiccation of soil 
microorganisms and water saturation leading to minimal oxygen diffusion, microbial 
respiration is limited (Orchard and Cook 1983; Davidson et al. 1998). Microbial 
respiration can also be limited by the availability of C substrates, the rate of microbial 
respiration increases with increasing concentrations of labile C such as glucose 
(Stenström et al. 1998; Kuzyakov et al. 2000; Blagodatskaya et al. 2009). Rates of 
microbial respiration are faster in soils that are C-rich (Spohn and Chodak 2015) or 
with litter inputs that is more easily decomposable (Ajwa and Tabatabai 1994; Berg 
2000). The abovementioned factors (temperature, moisture and C supply) are often 
confounding (e.g. Orchard and Cook 1983; O’Connell 1990; Davidson et al. 1998; 
Stenström et al. 1998; CurieYuste et al. 2007). In the latter chapters of this thesis, 
microbial respiration will be examined under controlled temperature and moisture 
conditions to elucidate the influence of fire and modified C substrates (i.e. pyrOM). 
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Table 1.5: Summary of the most important factors influencing microbial respiration. 
Factors Variables  Reference 
Climate  Moisture content O’Connell (1990), Bowden et 
al. (1998), Davidson et al. 
(1998), Rey et al. (2005), 
Curiel Yuste et al. (2007) 
 
 Temperature O’Connell (1990), Lloyd and 
Taylor (1994), Bowden et al. 
(1998), Davidson et al. (1998, 
2006), Rey et al. (2005), 
Davidson and Janssens (2006), 
CurieYuste et al. (2007) 
    
Carbon and nutrient 
supply    
Ratio of carbon and 
nutrients in soil 
Spohn and Chodak (2015), 
Chen et al. (2014) 
 
 Aggregation (microbial 
access) 
 
Six et al. (2004), Dungait et al. 
(2012) 
 Quality and quantity of 
carbon substrate  
Kuzyakov et al. (2000), 
Blagodatskaya et al. (2009) 
 
 Type of plant material Ajwa and Tabatabai (1994), 
Berg (2000) 
 
Soil microorganisms Microbial biomass, 
microbial composition, 
enzyme activity 
Sakamato and Oba (1994), 
Stenström et al. (1998), 
Schimel and Weintraub (2003) 
 
1.4.5 Decomposition of pyrogenic organic matter 
Pyrogenic OM is ubiquitous in soil (Goldberg 1985; Schmidt and Noack 2000). It is 
estimated that the global production of pyrOM from vegetation fires ranges from 
50–200 Tg C year-1 with approximately 80% remaining in soil (Kuhlbusch and 
Crutzen 1995). Pyrogenic OM is recognised as a significant sink in global C cycling 
(Kuhlbusch and Crutzen 1995; Krull et al. 2003). 
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The assumption that pyrOM forms a passive C pool in soil has changed in recent 
decades (Singh et al. 2012). Evidence from field and laboratory incubations has 
shown that a significant fraction of pyrOM in soil can be susceptible to microbial 
decomposition. Bird et al. (1999) found that soil from savanna protected from fire 
for 50 years had a significant proportion of pyrOM that underwent natural 
degradation. In this case, the half-life measured for pyrOM ranged from 50–100 
years, which is much lower than the half-life of thousands of years that has been 
previously assumed. Laboratory incubation studies have shown enhanced microbial 
respiration after addition of pyrOM to soil (e.g. Bruun et al. 2008; Hilscher et al. 
2009; Smith et al. 2010; Zimmerman et al. 2011; Jenkins et al. 2014). Furthermore, 
incubations based on substrate-induced respiration of pyrOM have found co-
metabolic enhancement of microbial respiration (Hamer et al. 2004; Kuzyakov et al. 
2009; Nocentini et al. 2010b; Zimmerman 2010). This implies that labile C 
substrates can promote the decomposition of pyrOM. However, most of these studies 
have been based on incorporation of biochar or artificially made pyrOM. In 
comparison, few studies have been done using pyrOM produced naturally from 
forest fire (e.g. Jenkins et al. 2014). Given the role that pyrOM has in soil and 
increasing evidence of pyrOM degradation and enhancement of decomposition of 
soil C it important to fully understand the effects of pyrOM on soil C dynamics 
(Wardle et al. 2008). 
1.5 Broad aim and thesis outline 
Fire affects physical, chemical and biological properties of soil which in turn affect 
ecosystem functioning. Along with an increasing awareness of the importance of soil 
C in forest management, the effect of fire of soil C and N storage has been widely 
studied (Johnson and Curtis 2001; Nave et al. 2011). To date, most studies have 
focused on the direct effect of fire on soil C storage (e.g. Volkova and Weston 2013; 
Aponte et al. 2014; Santín et al. 2015; Jenkins et al. unpublished). A much less 
examined effect of fire on soil C cycling is the influence of pyrOM from prescribed 
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fire. Therefore, the broad aim of my research is to examine the effects of pyrOM 
produced during prescribed fire on pools of soil C. 
A comprehensive description of the study sites selected for my research is provided in 
Chapter 2. This is followed by an account of the changes in pools of soil C and N at 
different time since prescribed fire in Chapter 3. To detect the real effect of 
prescribed fire on soil I endeavoured to minimise the confounding influence of 
spatial and temporal variation by using multiple sites and sampling times. In 
Chapters 4 and 5, I investigated short- and longer-term changes in soil C pools due 
to microbial activity using pyrOM produced from prescribed fire as a substrate for 
respiration. Finally, in Chapter 6, I employed two analytical techniques to establish 
the quality and quantity of pyrOM in soil after prescribed fire. The implications of 
the results of these studies forest and fire managers and for further research are 
discussed in Chapter 7. 
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Chapter 2:  
The study area in East Gippsland, 
Victoria 
2.1 Location of sites 
The East Gippsland region is located in eastern Victoria, Australia (Figure 2.1). It 
covers an area of 20,930 km2 and represents 9% of the total area of Victoria 
(Department of Transport, Planning and Local Infrastructure 2014). A total of nine 
study sites were established across the East Gippsland region (Figure 2.2). The 
locations of these sites were based primarily on Fire Operations Plans provided by the 
Victorian Department of Environment and Primary Industries (DEPI) for areas that 
were scheduled to be prescribed burnt during 2011, 2012 or 2013. Sites were 
selected according to the dominant vegetation type (see Section 2.4). Five sites were 
located near Orbost (37° 45 S, 147° 51 E) which were burnt during autumn 2011. 
These sites were named according to the nearest crossroad: Frogs Hollow (FH), 
Pettmans (PETT), South Boundary (SB), Sandy Point (SP) and Upper Tambo (UT). 
A further four sites were established near Bemm River (37° 43 S, 148° 46 E). Two 
sites were burnt during autumn 2012: Gravel (GRV) and Oliver (OLV) and an 
additional two sites were burnt during autumn 2013: Patrol (PAT) and Poddy 
(POY).  
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Figure 2.1: The general location of the East Gippsland area in Australia, Victoria. 
 
 
Figure 2.2: Location of the nine study sites. Sites clustered near Orbost (yellow dots; 
burnt in 2011) include Frogs Hollow (1), Pettmans (2), South Boundary (3), Sandy 
Point (4) and Upper Tambo (5) and sites near Bemm River (red and blue dots; 
burnt in 2012 and 2013, respectively) include Gravel (6), Oliver (7), Patrol (8) and 
Poddy (9). 
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2.2 Underlying geology and soil 
East Gippsland is classified as part of the South Victorian riverine plains which were 
developed from alluvium deposited by rivers flowing south from the East Victorian 
Upland across Gippsland to the Bass Strait (Rowan et al. 2000). The geology 
underlying East Gippsland is mainly composed of granite and Palaeozoic sediment, 
predominantly Ordovician and Silurian, deposited approximately 490 to 420 million 
years ago (McAndrew and Marsden 1973). For most of the study sites the 
stratigraphic units of the bedrock are alluvium terrace deposits formed during the 
Tertiary Pliocene (Table 2.1). The bedrock of South Boundary and Sandy Point sites 
contain both Pinnak sandstone, which were formed more than 463 million years ago 
(i.e. old and nutrient poor), and alluvium deposits that formed in the more recent 
Quaternary period. Isolated localities near Frogs Hollow are based on granite formed 
during the Silurian.  
The soil parent materials of the five sites near Orbost were derived from Quaternary 
alluvium deposits and Ordovician sandstone. The soil parent material of the four 
sites near Bemm River is more uniform and derived from Tertiary alluvium deposit. 
All sites were located on undulating plains with slope of 4–6% (Department of 
Environment and Primary Industries 2014d). Soils in the region generally have a low 
to medium clay content (ranging from less than 6 to approximately 24%). Major soil 
profiles were identified according to the Australian soil classification system and 
include brown Chromosol, red Chromosol, grey Chromosol and brown Sodosol 
(Department of Environment and Primary Industries 2014c). 
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Table 2.1: Underlying stratigraphic units identified for the nine study sites (Hendrickx et al. 1996a; Hendrickx et al. 1996b; Willman et 
al. 1996): Frogs Hollow (FH), Pettmans (PETT), South Boundary (SB), Upper Tambo (UT), Gravel (GRV), Oliver (OLV), Patrol 
(PAT)  and Poddy (POY). 
Geological period Age Stratigraphic unit Description Site 
 (millions of years)    
Quaternary Recent 0.01 Alluvium Alluvium: clay, sand, silt and gravel, unconsolidated SB, SP 
Quaternary Pleistocene 0.01–2 Alluvial terrace Alluvial terraces, gravel, sand, silt, clay, moderately 
consolidated 
 
SB  
Tertiary Pliocene 2–5 Terrace deposits Alluvium: sand, pebbly sand, gravel, conglomerate, 
rubble, moderately to well sorted, loose to moderately 
consolidated, locally well consolidated and 
ferruginized and silicified 
FH, 
PETT, 
OLV, 
GRV, PAT, 
POY, UT 
 
Silurian 420–425 Case granite  Leucocratic granite, medium grained, very poorly 
exposed and altered 
 
FH 
Ordovician >463 Pinnak sandstone Sandstone, green-grey, often thick bedded, 
moderately sorted lithic sandstone, turbiditic, 
interbedded massive to laminated siltstone, slaty 
mudstone and occasional chert beds 
SB, SP 
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2.3 Climate 
Orbost and Bemm River have a temperate climate with no distinct dry season as both 
sites are located approximately 10–20 km from the coast. During 2001–2014, the 
average annual rainfall was 771.4 mm, with the average monthly rainfall ranging from 
39.2 mm in January to 82.2 mm in June (Figure 2.3). The hottest temperatures are 
recorded during summer (January) with an average monthly air temperate of 26.4 °C 
and for the coldest month in winter (July) with an average monthly air temperature of 
5.5 °C (Bureau of Meteorology 2014). 
During the sampling period (2011–2014), sites received an average annual rainfall of 
937.0 mm, which was greater than the average annual rainfall recorded for the last 10 
years (Bureau of Meteorology 2014). Mean annual temperature was within the long-
term annual temperature with 10.1 °C (mean minimum) and 20.1 °C (mean maximum). 
However, there was a greater occurrence of hot days in 2013, as indicated by maximum 
daily temperatures greater than 40 °C occurring mostly in January (Figure 2.4). 
 
Figure 2.3: Mean monthly rainfall and temperature for Orbost and Bemm River for the 
past 10 years (2001–2014, data from Bureau of Meteorology 2014). 
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Figure 2.4: Average monthly rainfall and temperature during the sampling period for Orbost and Bemm River (Bureau of 
Meteorology 2014). Timing of prescribed burning activities at sites near Orbost (2011) and Bemm River (2012 and 2013) are 
indicated by bars highlighted in red. 
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2.4 Vegetation 
The vegetation in East Gippsland is highly diverse. There are 49 Ecological Vegetation 
Classes (EVC) identified in the region including 20 types of forest, 10 woodland, three 
heathland, five scrubland and four types of rainforest (Australian Heritage Comission 
and Department of Natural Resources and Environment 1995). All study sites were 
located in Lowland Forest (EVC 16). Lowland Forest is extensive across the East 
Gippsland region and generally occurs on drier aspects of the foothills of the Great 
Diving Range (Department of Environment and Primary Industries 2014b). The 
overstorey is generally dominated by species of Eucalyptus including: Messmate 
Stringybark (E. obliqua), Brown Stringybark (E. baxterii) and Shining Peppermint (E. 
willisii) (Department of Environment and Primary Industries 2014b). White 
Stringybark (E. globoidea), Silvertop Ash (E. sieberi) and Mountain Grey Gum (E. 
cypellocarpa) were most prevalent in the sites used in this study (Table 2.2). The 
understorey was dominated by Wire Grass (Tetrarrhena juncea), Forest Geebung 
(Persoonia silvatica) and Sunshine Wattle (Acacia terminalis) with additional shrubs, 
herbs, ferns and grasses. 
Vegetation type is an important factor in shaping fire behaviour via different fuel 
characteristics, including fuel type, fuel structure and fuel load (Hines et al. 2010). 
Generally, vegetation under the canopy can be divided into four main fuel strata 
including surface fuel, near surface fuel, elevated fuel and bark fuel (Table 2.3 and Figure 
2.5; Hines et al. 2010). The four sites located at Bemm River were chosen due to their 
greater volume of near surface fuel and elevated fuel (32–37 t ha-1; Jenkins et al. 
unpublished data) compared to the sites near Orbost (18–27 t ha-1; Jenkins et al. 
unpublished data). Prior to burning, sites near Bemm River had a high density of 
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understorey vegetation, predominately Wire Grass, which may have contributed to a 
higher fuel load and potentially hotter prescribed burns. 
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Table 2.2: Overstorey species of the nine studies sites: Frogs Hollow (FH), Pettmans (PETT), Sandy Point (SP), Upper Tambo 
(UT), Oliver (OLV), Gravel (GRV), Patrol (PAT) and Poddy (POY). 
Species Common name FH PETT SB SP UT GRV OLV PAT POY 
Angophora floribunda Apple Jack 
  
X 
      
Eucalyptus bauerana Blue Box 
  
X 
      
Eucalyptus baxteri Brown Stringybark         X 
Eucalyptus botryoides Southern Mahogany      X    
Eucalyptus consideniana Yerchuck X 
      
X 
 
Eucalyptus cypellocarpa Mountain Grey Gum 
 
X X X X 
    
Eucalyptus glaboidea White Stringybark  X X  X X X X X 
Eucalyptus macrorhyncha Red Stringybark X         
Eucalyptus muelleriana Yellow Stringybark 
   
X 
     
Eucalyptus radiata Red Box 
    
X 
    
Eucalyptus sieberi Silvertop Ash  X X  X X X X X 
Eucalyptus tricarpa Red Ironbark  X X X      
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Table 2.3: Description of fuel layers for the study sites. The definition of fuel strata was 
adapted from Hines et al. (2010) for the purpose of prescribed burning. Information 
relating to coarse woody debris is adapted from Jenkins et al. (unpublished). 
Layer Description Study sites 
Canopy Crown of the tallest layer of trees. Prescribed 
burning does not usually affect this layer 
A mixture of 
eucalypts species up 
to 25 m tall, see 
Table 2.2 for detail 
 
Bark fuel Bark of tree trunks and branches, from ground level 
to canopy. Usually only part of this fuel is consumed 
during prescribed burning 
 
Mixture of smooth 
bark and fibrous 
stringybark 
Elevated 
fuel 
Fuels are mainly upright in orientation. Plant 
material is closer to the top of this fuel layer. Low 
intensity fire (flame height <0.5 m) may pass 
beneath this layer without consuming much of it 
 
Predominately Forest 
Geebung (Persoonia 
silvatica), Sunshine 
Wattle (Acacia 
terminalis) and young 
trees 
 
Near-
surface 
fuel 
Live and deal fuels, effectively in contact with the 
ground, but not lying on it. Fuel has a mixture of 
vertical and horizontal orientation. Coverage mainly 
continuous. Most fuel of this layer will be consumed 
by prescribed burning 
 
Mostly Wiregrass 
(Tetrarrhena juncea), 
sites near Bemm 
River has greater near 
surface fuel than 
Orbost due to higher 
density of Wiregrass 
 
Surface 
fuel 
Predominantly horizontal orientation. Include fine 
fuel such as leaves, twig and bark (<6 mm) lying on 
the ground, also includes coarse woody debris (>6 
mm) lying on the ground 
Litter cover about 
40%, coarse woody 
debris was highly 
variable ranging from 
8–20 t ha-1 
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Figure 2.5: The key structural fuel layers in mixed species temperate Eucalyptus forest in Australia (left, adapted from Hines et al. 
2010) using an image from the study site at Patrol as an example (right).  
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2.5 Fire history and management 
Victoria is one of the most fire-prone states in Australia. During the period 1995–
2004, a total of 1,654,900 ha of forest were burnt during bushfires, this is an area 
equivalent to 18% of the total area of forest burnt in Australia in the same period 
(Australian Greenhouse Office 2003). The ‘Black Saturday’ fires that occurred in 
2009 were some of the most severe bushfires in Victoria (Department of 
Environment and Primary Industries 2014a). Approximately 400 spot fires started 
during extremely hot (approximately 46 °C) and windy (wind speed >100 km h-1) 
weather conditions and eventually caused the death of 173 people and burnt over 
450,000 ha. 
In the East Gippsland region, large areas have been affected by bushfires. During the 
period 1978–1998, the average area burnt annually was 34,891 ha and involved an 
annual average of 162 bushfires (Department of Environment and Primary Industries 
2013). The nine study sites have various fire history ranging from 3–52 years prior to 
prescribed burning (Table 2.4). 
Table 2.4: Recent fire history of the nine study 
sites (Jenkins et al. unpublished). 
Site Year of last fire 
Frogs Hollow 1990 
Pettmans 1959 
Sandy Point 1990 
South Boundary 2001 
Upper Tambo 2008 
Gravel 1968 
Oliver 1989 
Patrol 1959 
Poddy 1982 
 
One of the most severe bushfire incidents since European settlement in Australia 
occurred in Victoria and South Australia in 1983 (the ‘Ash Wednesday fires’), 
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including areas in East Gippsland, which killed 75 people and burnt approximately 
230,000 ha. These fires were the subject of a Royal Commission and better 
communication systems, improved forecasting and enhanced emergency response 
and evacuations plans were recommended. Similarly, the Victorian Bushfires Royal 
Commission was developed in the aftermath of the devastating Black Saturday fires 
that occurred in 2009. One recommendation made to reduce fire risk was that the 
Victorian Government should “fund and commit to implementing a long-term 
program of prescribed burning based on as annual rolling target of 5% minimum of 
public land” (2009 Victorian Bushfires Royal Commission 2010). Consequently, 
extensive areas of state land are now subjected to prescribed burning and therefore it 
is important to understand the impact that fire management may have on ecosystem 
functioning, and particularly for the research presented here, on soil carbon dynamics 
after fire. 
 
2.6 Sample collection 
At each study site, three circular plots (22.5 m radius) were established at least 500 m 
apart in the same vegetation type and in areas with similar slope and aspect. Plots 
were located close to the road (20–50 m) to ensure they were burnt during prescribed 
fire treatments. At each of the N, S, E and W terminal points, a circular subplot (5 m 
radius) was established with the centre located along the transect and the edge 
abutting the terminal point (Figure 2.6). 
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Figure 2.6: Plot layout for data and sample collection. Samples were collected from a 
quadrat within the circular subplot near each terminal point. From Jenkins et al. 
(unpublished). 
 
Samples of mineral soil were collected from 0–10 cm depth, this soil depth was 
chosen to allow representative sampling for soil analysis on C and nutrient dynamics. 
Soil was collected using steel soil corers and auguring. One sampling point was 
randomly selected within the four circular subplots. The four soil samples from each 
subplot were bulked together into one composite sample representing the plot (i.e. n 
= 3 samples per study site). The bulked soil was sieved to 2 mm in the field and 
stored in sealed bag at 4 °C until further analysis (see Chapters 3, 4, 5 and 6). Soil 
was collected at four time points: (i) before prescribed burning (pre-fire), (ii) 
immediately (within 1 week), (iii) 1 month and (iv) 1 year after burning. 
Prescribed burning was done between February and April 2011 for sites near Orbost 
and during 2012 and 2013 for the sites near Bemm River. The timetable of each 
prescribed burn and sample collection is given in Table 2.5. For prescribed burning 
at sites near Orbost, part of the aboveground litter was removed prior to prescribed 
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burning during pre-fire sampling but these patches were not burnt and were readily 
identifiable as ‘unburnt’ soil. Therefore, in addition to the soil collected from burnt 
patches, one set of soil from nearby unburnt patches (but still within the plot) was 
collected immediately after fire and used in a long-term incubation study (see 
Chapter 4).  
 
Table 2.5: Timetable for collection of soil samples before and after 
prescribed burning. Pyrogenic organic matter was collected within 1 
week after fire. 
  
Pre-fire 
 
1 week  
after fire 
1 month 
after fire 
1 year  
after fire 
Orbost     
Frogs Hollow Feb 2011 Apr 2011 May 2011 Feb 2012 
Pettmans Feb 2011 Apr 2011 May 2011 Feb 2012 
South Boundary Feb 2011 Feb 2011 Mar 2011 Feb 2012 
Sandy Point Feb 2011 Feb 2011 Mar 2011 Feb 2012 
Upper Tambo Feb 2011 Mar 2011 Mar 2011 Feb 2012 
Bemm River     
Gravel Feb 2012 Feb 2012 Mar 2012 Mar 2013 
Oliver Feb 2012 Feb 2012 Mar 2012 Mar 2013 
Patrol Mar 2013 Apr 2013 May 2013 Apr 2014 
Poddy Mar 2013 Apr 2013 May 2013 Apr 2014 
 
Pyrogenic organic matter (pyrOM) deposited on the soil surface was also collected 
immediately after fire. In this study, pyrOM is defined as plant material (<9 mm) 
that remains on the soil surface which is completely or partially burnt (see Figure 2.7 
and Figure 2.8 for examples). Samples of pyrOM were collected from within at least 
four (and up to eight) 30 × 30 cm quadrats located in the four circular subplots. Care 
was taken to exclude mineral soil and unburnt plant material that had fallen after the 
prescribed burning. Each sample of pyrOM was kept separate, oven dried at 60 °C 
and sieved to three size fractions (<1, 1–4.75 and 4.75–9 mm, Figure 2.8) for further 
analysis. 
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Figure 2.7: Examples of pyrogenic organic matter (pyrOM) deposited on the soil 
surface after prescribed burning: (a) fine-grained pyrOM characteristically white in 
colour, (b) blackened pyrOM with no recognisable structures of precursor plant 
material, (c) blackened pyrOM with recognisable structures of precursor plant 
material, and (d) large pieces of pyrOM (>9 mm) usually resulting from combustion 
of woody material. 
 
 
Figure 2.8: Example of the three size fractions of pyrogenic organic matter: (a) <1 
mm, (b) 1–4.75 mm, and (c) 4.75–9 mm. 
 
(a) (b)
(c) (d)
(a) (b) (c)
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2.7 Analysis of pre-fire soil and pyrogenic organic matter 
Descriptions of the soil collected before fire and pyrOM collected after fire from each 
of the study sites are presented here for comparative purposes. For all nine sites, soil 
collected pre-fire and at three times post-fire were used in studies presented in 
Chapters 3 and 6. In addition, pre-fire soil and pyrOM collected near Bemm River 
(Gravel and Oliver) were used for a short-term incubation experiment in Chapter 4. 
Soil collected from unburnt patches at 1 week post-fire and pyrOM collected near 
Orbost were used for the long-term incubation study described in Chapter 5. The 
nature of the pyrOM in soil is further analysed in Chapter 6. 
2.7.1 Soil analysis 
Soil samples were oven dried at 40 °C, ground to 53 µm and analysed for total 
carbon (C) and nitrogen (N) by dry combustion (Elementar CN analyzer, Germany). 
Soil acidity (pH) and electrical conductivity (EC) of soil (0–10 cm depth) were 
measured in a water suspension of 1:5; soil:H2O. For these analyses, approximately 5 
g of field moist soil was mixed with 25 mL deionised water and shaken on wheel 
rotator for 15 min. Samples were allowed to settle for 15 min before measurement. 
Values for pH and EC in the water suspension were measured using a pH meter 
(PHM210, MeterLabTM) and EC meter (CDM210, MeterLabTM), respectively. 
Gravimetric moisture content of soil (approximately 15 g) was determined by oven-
drying samples at 105 °C for 24 h. The weight of soil was recorded before and after 
drying. Gravimetric moisture content was calculated as: 
 
Soil texture was determined using the standard Hydrometer method (Bouyoucos 
1962) for particle size analysis. Briefly, approximately 50 g of soil was shaken with 50 
mL of 5% sodium hexametaphosphate solution (at pH 8. 5) for 48 h. The soil 
Gravimetric moisture content = 
Soil wet weight (g) – soil dry weight (g)
soil dry weight (g)
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mixture was transferred to a large measuring cylinder and made up to 1 L with 
deionised water. A hydrometer was carefully immersed into the soil mixture at 5 min 
and 8 h after stirring thoroughly with agitator, the reading on hydrometer was 
recorded once it had stabilised in the soil solution. The suspended clay particles were 
discarded and the material that had settled was washed by repeating the process of 
stirring with water and decanting the suspended material at least five times. 
The remaining soil mixture was treated with 30% hydrogen peroxide solution to 
remove any organic matter. About 25 mL of hydrogen peroxide (H2O2) was added to 
the soil mixture and swirled to mix thoroughly. The mixture was then placed on a 
hot plate at 60 °C for 2 h. The reaction was monitored regularly and when 
effervescence occurred the beaker was removed from the hot plate until the reaction 
ceased. More H2O2 (5 mL aliquots) was added to the soil mixture and the process 
was repeated until there was no further effervescence. The treated sand was sieved to 
>100 µm and <100 µm fractions. Both sand fractions were oven-dried at 105 °C for 
24 h and the dry weights recorded. 
2.7.2 Pyrogenic organic matter analysis  
Samples of pyrOM were sieved to three size fractions including <1, 1–4.75 and 4.75–
9 mm. The weight of each size fraction was recorded. The proportion of size fractions 
were expressed as the weight of each fraction divided by the sum of all size fractions. 
Sieved pyrOM samples collected from individual quadrats within the same plot were 
bulked together according to the size fraction and gently mixed to ensure 
homogeneity. 
Each size fraction was ground and sieved to 53 µm then analysed for total C and total 
N by dry combustion (Elementar CN analyzer, Germany). 
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2.7.3 Statistical analysis 
Variables describing pre-fire soil and pyrOM were compared among sites using one-
way analysis of variance (ANOVA) and Tukey post-hoc for comparison. All statistical 
analyses were done using IBM SPSS Statistics 22 (IBM, United States). 
2.8 Characteristics of pre-fire soil and pyrogenic organic matter 
2.8.1 Pre-fire soil 
Values of pH and EC of soil collected before prescribed burning varied little among 
the nine sites (Table 2.6). Soil pH was significantly different for soil from Frogs 
Hollow compared to Poddy (one-way ANOVA, P = 0.02). Soil from Sandy Point has 
an exceptionally high value for EC. Concentrations of total C and total N were 
similar among the nine sites (Table 2.7). Again, the one exception was for soil from 
Sandy Point which had the greatest concentration of total C and total N, as well as 
the lowest C:N (one-way ANOVA, P = 0.026, 0.001 and 0.014, respectively). 
Overall, there were no clear differences among the characteristic of soil collected 
among the five sites near Orbost compared to soil from the four sites near Bemm 
River. 
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Table 2.6: Soil characteristics collected before prescribed burning (pre-fire). Values represent mean (n = 3) with standard deviation 
in parentheses. Comparison among sites was identified using one-way ANOVA and Tukey’s post-hoc comparison; letters indicate 
significant differences at α = 0.05. Values for bulk density for three sites near Orbost and the among-sites comparison were not 
determined (n.d.). 
Site Clay content Bulk density pH EC Total C Total N C:N 
 (%) (g cm-3)  (µS) (%) (%)  
Orbost        
Frogs Hollow 14.0 (3.3)a n.d. 5.1 (0.2)a 19.8 (3.2)a 5.1 (0.7)A 0.14 (0.02)A 38.4 (8.4)A 
Pettmans 8.6 (2.7)a n.d. 5.8 (0.2)bc 20.2 (5.5)a 6.0 (2.4)AB 0.19 (0.08)A 31.6 (1.0)AB 
South Boundary 8.8 (1.4)a 1.34 5.4 (0.3)abc 36.9 (2.6)ab 5.8 (3.3)AB 0.19 (0.10)A 29.7 (4.5)AB 
Sandy Point 13.1 (3.5)a 0.93 5.3 (0.1)ab 58.4 (32.0)b 10.4 (1.8)B 0.47 (0.13)B 23.0 (3.0)B 
Upper Tambo 6.6 (1.3)a n.d. 5.5 (0.2)abc 35.4 (5.7)ab 8.2 (2.3)AB 0.32 (0.14)AB 27.2 (5.1)AB 
 
Bemm River 
      
Gravel 10.8 (2.4)a 0.99 5.4 (0.1)abc 23.7 (4.0)a 6.1 (0.2) AB 0.20 (0.02) A 32.1 (3.3)AB 
Oliver 11.8 (4.3)a 1.18 5.4 (0.3)abc 22.8 (0.7)a 6.2 (1.0)AB 0.19 (0.03) A 33.8 (4.8)AB 
Patrol 9.5 (1.5)a 0.93 5.5 (0.2)abc 15.5 (2.6)a 8.6 (0.7)AB 0.23 (0.03) A 37.9 (2.1)B 
Poddy 23.9 (5.7)b 1.12 5.8 (0.2)c 17.6 (2.8)a 7.5 (0.8)AB 0.24 (0.02) A 31.0 (3.3)AB 
 
  
50 
 
2.8.2 Pyrogenic organic matter 
Pyrogenic OM deposited after prescribed burning was highly patchy and varied in 
size. The average of amount of pyrOM produced among sites ranged from 120 kg ha-
1 at Pettmans to more than 720 kg ha-1 at Poddy (Figure 2.9). Despite the large 
variation in amounts of pyrOM produced, the distribution in size (by weight) was 
consistent among sites (Figure 2.9). Pyrogenic OM collected from sites near Orbost 
was predominately composed of the 1–4.75 mm fraction and both of the larger size 
fractions (<1 mm and 4.75–9 mm) varied between 20–40%. Pyrogenic OM 
collected from Gravel, Oliver and Poddy was evenly distributed among the three size 
fractions whereas pyrOM collected from Patrol was dominated by the finest fraction 
(<1 mm; 60% by weight). 
Total C and the C:N ratio was lowest in the fine (<1 mm) fraction of pyrOM but 
was similar for the 1–4.75 mm and 4.75–9 mm size fractions (Figure 2.10). For total 
N, pyrOM from five of the nine sites had similar concentration of total N among the 
three size fractions (Table 2.6). Pyrogenic OM from the other four sites had greater 
concentrations of N in the coarse size fraction (1–4.75 mm) compared to the other 
two fractions (Tables 2.7). 
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Figure 2.9: (a) Boxplot of weight of pyrogenic organic matter (<9 mm) for 
individual point at each study site, showing median (blue) and average (red). (b) 
Average of proportion in weight for each size fraction of pyrOM for each site, for <1 
mm (black), 1–4.75 mm (light grey) and 4.75–9 mm (dark grey). Data shown for 
individual sites: Frogs Hollow (FH), Pettmans (PETT), South Boundary (SB), 
Sandy Point (SP), Upper Tambo (UT), Oliver (OLV), Patrol (PAT) and Poddy 
(POY). 
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Table 2.7: Concentrations of total carbon (C) and nitrogen (N), and ratio of C to N in three 
size fractions of pyrogenic organic matter from individual sites. Values represent mean (n = 3) 
with standard deviation in parentheses. Comparisons of size fractions within each site were done 
using one-way ANOVA and Tukey’s post-hoc comparison; letters indicate significant 
differences at α = 0.05. 
 Site <1 mm 1–4.75 mm 4.75–9 mm 
Total C 
(%) 
Frogs Hollow 25.36 (4.59)a 50.10 (3.09)b 55.16 (7.75) b 
Pettmans 23.07 (6.01)a 49.99 (4.26)b 54.10 (5.57)b 
South Boundary 25.08 (5.94)a 50.61 (0.92) b 50.89 (1.87) b 
Sandy Point 11.10 (0.08)A 35.94 (0.15)B 30.90 (6.18)C 
Upper Tambo 18.97 (4.94)A 43.14 (6.76) B 34.99 (3.70) C 
Gravel 11.77 (3.22)A 32.58 (7.50)B 42.84 (7.53)B 
Oliver 9.20 (3.05)a 26.99 (2.39)b 49.48 (6.15)c 
Patrol 16.54 (1.82)a 36.71 (1.76)b 48.88 (2.84)c 
Poddy 17.07 (3.26) a 35.22 (10.27) a 39.92 (12.78) a 
Total N 
(%) 
Frogs Hollow 0.69 (0.10) a 0.98 (0.15) a 0.80 (0.14) a 
Pettmans 0.63 (0.25) a 1.00 (0.11)a 0.88 (0.27) a 
South Boundary 0.87 (0.05) a 1.21 (0.15)b 0.92 (0.06)a 
Sandy Point 0.54 (0.08) a 0.91 (0.19) a 0.41 (0.11) a 
Upper Tambo 0.73 (0.28) a 0.89 (0.31) a 0.60 (0.33) a 
Gravel 0.34 (0.05)A 0.67 (0.05)B 0.59 (0.09)B 
Oliver 0.19 (0.16)a 0.52 (0.07)b 0.66 (0.07)b 
Patrol 0.44 (0.01)a 0.69 (0.10)b 0.57 (0.05)ab 
Poddy 0.49 (0.08)a 0.66 (0.16) a 0.50 (0.11) a 
C:N 
 
Frogs Hollow 36.88 (5.18)a 51.66 (5.58)b 69.80 (6.32)c 
Pettmans 38.11 (5.10)a 50.78 (9.47)a 66.53 (23.33)a 
South Boundary 28.59 (5.30)a 42.34 (5.47)b 55.27 (1.93)c 
Sandy Point 20.93 (3.03)a 40.48 (8.41)a 80.20 (29.53)a 
Upper Tambo 27.24 (4.65)a 51.52 (17.44) a 68.30 (30.54)a 
Gravel 33.75 (5.56)A 47.96 (7.75)A 73.88 (14.78)B 
Oliver 38.34 (2.81)a 52.32 (5.32)ab 75.42 (16.37)b 
Patrol 37.88 (4.55)a 53.43 (6.09)b 85.59 (4.61)c 
Poddy 34.72 (4.72)a 53.37 (3.94)b 78.79 (7.83)c 
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Figure 2.10: Landscape scale concentration of total carbon (C) and nitrogen (N) in 
pyrogenic organic matter for three size fractions: (a) total C, (b) total N, and (c) C:N 
ratio. Bars represent mean (n = 9) and error bars indicate standard deviation. 
Comparisons of size fractions were done using one-way ANOVA and Turkey’s post-
hoc comparison; letters indicate significant differences at α = 0.05. 
  
(a)
To
ta
l C
 (%
)
0
10
20
30
40
50
60
70
(b)
To
ta
l N
 (%
)
0.0
0.2
0.4
0.6
0.8
1.0
1.2
(c)
Size fraction (cm)
<1 1-4.75 4.75-9
C:
N
0
20
40
60
80
100
a
b b
a
b
a
a
b
c
 54 
 
 
One important reason for this study was to explore pre-fire heterogeneity in soil from 
temperate Eucalyptus forest and the variation in pyrOM produced after burning in 
the same vegetation type. Soil collected from Sandy Point was different from the all 
other sites for EC, total C, total N and C:N ratio, while soil from Gravel and Oliver 
were far more representative for most of the characteristics measured. Within-site 
(Table 2.7) and across site (Figure 2.10) comparisons of total N in pyrOM revealed 
significant differences among size fractions across all sites but not for all of the 
individual sites. To capture the importance of this variation in soil and pyrOM 
characteristics, comparisons will be continue to be made both across and within sites 
in the following studies. This approach will avoid overgeneralising the impact of fire 
on soil C dynamics in temperate Eucalyptus forest in East Gippsland. 
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Chapter 3:  
Temporal variation in soil carbon and 
nitrogen pools after prescribed burning 
3.1 Introduction 
The effects of prescribed fire on soil carbon (C) are difficult to detect and are 
therefore not always consistent among studies. For example, changes in soil C stocks 
(Johnson and Curtis 2001; Nave et al. 2011; Santín et al. 2014; Volkova and Weston 
2013) or rates of soil respiration (Andersson et al. 2004; Marti-Roura et al. 2011; 
Dore et al. 2014) have been found to be undetectable after prescribed fire in a 
number of forest types. This is often attributed to confounding influences such as 
seasonal and spatial variation. For example, Volkova and Weston (2013) measured 
changes in soil C stocks in forests in eastern Australia and concluded that variation in 
soil C is naturally large and may mask the effects of fire. Similarly, Andersson et al. 
(2004) found that seasonal variation in soil moisture and temperature had a stronger 
influence on soil respiration when compared to the effect of fire. The various 
processes associated with fire-induced modifications can occur at different times after 
fire and can persist for different durations (e.g. range from immediately after fire to 
decades after fire). This is important for microbial and labile pools of C and nitrogen 
(N) as they are particularly sensitive to changes in environmental factors over time. 
As such, broad comparisons among studies that have sampled at different times after 
fire may not be appropriate. The study presented in this chapter is unique as the 
potentially confounding influences of spatial and climatic variables have been 
minimised by sampling sites with the same type of vegetation, within the same season 
and at consistent times since fire. Within this rigorous sampling scheme the changes 
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due to prescribed fire on the dynamics of pools of soil carbon and nitrogen will be 
examined. 
3.1.1 Direct effects of fire – immediate changes in soil C and N pools 
Pools of soil C and N have different chemical properties depending on their origin 
and each pool has a different response to heating (Neary et al. 1999). The pools of C 
and N held in living microbial biomass are likely to be the most fire-sensitive due to 
low tolerance to heating (Table 3.1). High intensity fires can cause soil sterilisation as 
indicated by the reduction in microbial biomass after fire (Prieto-Fernández et al. 
1998; Certini 2005; Dooley and Treseder 2011). Microbial sterilisation occurs 
between 50 and 120 °C with fungi being more resistant to heat than bacteria (Neary 
et al. 1999). For low or moderate intensity fires, such as those used in prescribed 
burning, there may be minimal soil heating and microbial biomass can remain at 
levels similar to those measured before fire (Raison 1979; Dooley and Treseder 
2011). Soil depth has been found to be an important factor in microbial survival. 
The greatest impact is often in the top few centimetres due to greater microbial 
abundance before fire and greater heating during fire (Neary et al. 1999). Changes in 
microbial community structure in the top 10 cm of the soil profile were found after 
repeated prescribed burning, while no change was found in the 10–20 cm soil layer 
(Bastias et al. 2006). 
Fire-induced changes in labile pools of C and N are also a result of the release of 
nutrients from aboveground litter and soil organic matter, which varies greatly 
depending on heating temperature and soil condition. In most cases, increases in 
labile C and N after prescribed burning is due to the transformation after heating of 
the more stabilised fraction of soil organic matter (Neary et al. 1999; Knicker 2007). 
For example, soil organic N is transformed into inorganic forms of N at low 
temperatures due to protein hydrolysis (Prieto-Fernández et al. 1998; Neary et al. 
1999). In a controlled heating experiment at 160 and 360 °C, soil ammonium was 
enriched by 10–20% (Choromanska and DeLuca 2002). Ammonium and nitrate 
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begin to be released via volatilisation when soil temperatures exceed 300 °C (Raison 
1979; Bosatta and Ågren 1995) and are completely volatilised at 600 °C (Kutiel and 
Shaviv 1989).  
Breakdown of organic C in soil starts at approximately 200 °C, combustion begins to 
occur when temperatures exceed 300 °C and most organic carbon has been 
consumed by the time soil temperatures have reached 500 °C (Raison 1979; Neary et 
al. 1999; Six et al. 2004; Table 3.1). Prescribed fire generally results in minimal soil 
heating (<100 °C) but may vary spatially and patches of soil that have greater fuel 
loads may experience temperatures that result in consumption of organic material 
(Granged et al. 2011). 
Table 3.1: Summary of temperatures required for fire-induced modification of pools 
of soil carbon (C) and nitrogen (N) (Raison 1979; Neary et al. 1999). 
Soil component Temperature 
(°C) 
Mechanism 
Microbial biomass 
(Fungi and bacteria) 
50–120 Fungi and thin-walled nitrifying bacteria 
may be killed at about 50 °C, thick-
walled bacteria can survive heating to 
100 °C 
 
Organic and 
inorganic N 
100–400 Soil organic N begins to decompose at 
100 °C, ammonium and nitrate are 
released through protein hydrolysis, soil 
N is completely removed after heating to 
600 °C 
 
Organic C 100–550 Organic colloids begins to decompose at 
100 °C, most organic C removed at 500 
°C 
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3.1.2 Indirect effects of fire – dynamics of C and N pools after fire 
Fire can indirectly change physical, chemical and biological properties of soil via a 
range of attributes such as modification of organic inputs, variation in the 
hydrological regime and differences in nutrient uptake by vegetation (Table 3.2). As 
with direct effects of prescribed burning, indirect effects can be examined on 
temporal and spatial scales to describe the dynamics of pools of soil C and N. 
Abiotic conditions can be directly modified via removal of aboveground biomass, 
which in turn can alter the soil environment such as moisture content, temperature 
and nutrient availability for soil microorganisms (Hart et al. 2005; Holdo et al. 
2012). For example, consumption of surface litter and the canopy during fire can 
result in increased incidence of solar radiation with maximum daily soil temperatures 
being elevated up to 10 °C in the top 10 cm after a prescribed fire (Raison et al. 
1986). Pyrogenic OM produced during fire can be enriched in nutrients and when 
deposited on the soil surface can increase nutrient availability (the ‘ash bed effect’; 
Humphreys and Lambert 1965; Adams and Attiwill 1991; Chambers and Attiwill 
1994; Khanna et al. 1994; Knicker 2007). Soil microorganisms that are not 
negatively affected by fire can take advantage of the nutrients provided by the ash-
bed (Goberna et al. 2012). Populations of nitrifying bacteria usually increase after fire 
as a result of a flush of ammonium (Prieto-Fernández et al. 2004) and increased 
inorganic N also benefits populations of denitrifying bacteria (Hart et al. 2005).  
Modification of vegetation by fire can indirectly affect soil C and N dynamics. 
Understorey species such as herbs, small shrubs and juvenile trees are mostly 
consumed by fire leaving behind dead roots (roots from dead trees or roots killed by 
heat) that begin to be decomposed by soil microorganisms and become part of the 
soil organic matter (Hart et al. 2005). This temporarily reduces competition for C 
and nutrients by soil microorganisms and plant uptake via roots. However, post-fire 
seed germination occurs when conditions are suitable (Bell et al. 1993; Lamont et al. 
1993; Bradstock and Auld 1995) and vegetative regeneration of a portion of the 
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understorey species (Tolhurst 2003; Alba et al. 2015) will contribute to increased 
plant nutrient uptake from soil. Vegetation growth after fire can also enhance 
microbial populations in the root zone (Dhillion and Anderson 1994; Peay et al. 
2009). Therefore, the dynamics of soil C and N in the post-fire environment are 
largely influenced by the vegetation recovery.  
Erosion and leaching are the major paths for loss of C and nutrients from forest 
ecosystems after fire (Cerda and Doerr 2008). Removal of vegetation and litter cover 
may result in changes in the water flow regime in soil and can have significant 
impacts on pools of C and nutrients. Soil may become temporarily impervious to 
water (increased water repellence) depending on heating temperature. The water 
repellence of soil heated to different temperatures and for different durations varies 
and can become extremely high after heating for more than 30 minutes but can be 
completely eliminated when heated about 300 °C (Doerr et al. 2004). Consequently, 
fire may increase the amount of runoff (DeBano 2000; Doerr et al. 2004) which in 
turn increase loss of SOM by erosion and leaching, particularly for water-soluble 
forms of nutrients (Gómez-Rey et al. 2014). 
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Table 3.2: Soil properties directly and indirectly modified by fire. * indicates the properties that are considered in this study. The soil properties listed are 
originally from Certini (2005). Organic matter and pyrogenic organic matter is referred to as OM and pyrOM, respectively. 
Soil property Direct effect Indirect effect 
Physical   
Water repellence Soil heating and deposition of pyrOM Insignificant 
Bulk density OM combustion Insignificant 
pH* OM volatilisation Insignificant 
Colour Insignificant Deposition of pyrOM 
Temperature regime Soil heating Removal of litter cover 
Structural stability OM combustion Erosion 
Mineralogical assemblage OM combustion Erosion 
   
Chemical   
Quantity of OM* OM volatilisation Deposition of pyrOM 
Quality of OM* OM volatilisation Plant uptake, deposition of pyrOM 
Nutrient availability * OM volatilisation Plant and microbial uptake 
Exchangeable capacity* OM volatilisation Deposition of pyrOM 
Base saturation OM volatilisation Deposition of pyrOM 
   
Biological   
Microbial biomass* Soil heating Changes in quality and quantity of C and nutrients 
Composition of microbial community Soil heating Changes in quality and quantity of C and nutrients 
Soil-dwelling invertebrate biomass Soil heating  
Composition of soil-dwelling invertebrate community Soil heating  
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3.1.3 Aim  
The study presented in this chapter investigates the temporal changes of pools of soil 
C and N after prescribed burning. The research questions being addressed are:  
(1) How do various pools (total, labile and microbial biomass) of soil C and N 
change after time since fire? 
(2) Is modification of soil C and N pools by prescribed fire consistent among sites 
within a similar forest type? 
The amount and rate of microbial respiration will be used as a proxy for determining 
changes in soil C via microbial activity. The initial soil nutrient condition is 
important for understanding soil modifications caused by fire, therefore, descriptions 
of the C and N pools in pre-fire soil collected from the nine research sites and 
provided in Chapter 2 will be referred back to frequently.  
3.2 Materials and methods  
3.2.1 Collection of soil and pyrogenic material 
Soil was collected from five sites near Orbost and four sites near Bemm River (see 
Chapter 2 for site descriptions). Sites were burnt in 2010, 2012 or 2013. Soil samples 
were collected before burning (pre-fire) and at three times post-fire (1 week, 1 month 
and 1 year; Figure 3.1). Each site consisted of three plots and in each plot, four 5 m 
diameter circular subplots were established at the cardinal points (N, S, E and W). 
One soil sample was collected from each subplot to 0–10 cm depth with an auger. 
The four samples were bulked together to form a composite sample representing the 
plot. Soil samples were sieved to <2 mm in the field, kept in a sealed bag and stored 
at 4 °C until further analysis.  
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Figure 3.1: Examples of modification of aboveground biomass before and after 
prescribed burning: (a) before fire, (b) during the burn, (c) 1 month after fire (d) and 
1 year after fire. 
 
3.2.2 Soil analysis 
Soils were analysed for gravimetric moisture content, soil acidity (pH), electrical 
conductivity (EC), total C and total N according to the methods described in 
Chapter 2.  
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3.2.3 Microbial biomass and labile pools of carbon and nitrogen 
The C and N content of microbial biomass in soil was determined by the 
fumigation-extraction method (Vance et al. 1987; Robertson et al. 1999). Soil 
samples were weighed in two triplicate sets (about 6 g each); one set was used for 
chloroform fumigation and one set for non-fumigation. Non-fumigated soil samples 
were extracted with 40 mL 0.05 M potassium sulphate and filtered with ashless filter 
paper. Soil extracts were kept frozen until analysis. 
For fumigation, soil samples and a beaker containing 30 mL of chloroform with anti-
bumping granules were placed in a glass desiccator sealed with silicone grease. The 
chloroform was brought to boil by evacuating the desiccator and kept boiling under 
vacuum for at least 5 min. The desiccator was kept sealed and stored in the dark at 
room temperature for 48 h. Chloroform was vented from the desiccator and a 
vacuum reapplied and vented a total of five times (3 min per time) to remove any 
excess chloroform from soil. Fumigated soil samples were extracted using the same 
procedure used for the non-fumigated soil samples.  
Total dissolved C and total dissolved N in soil extracts for both fumigated and non-
fumigated samples were analysed using a TOC analyser (TOV-VCSH, Shimadzu, 
Japan). The microbial biomass C and N were calculated as the difference between 
fumigated and non-fumigated soil, and with an extraction coefficient of 0.35 (Vance 
et al. 1987; Sparling and West 1988; Robertson et al. 1999). Labile C and labile N 
were estimated from the dissolved C and dissolved N measured from the non-
fumigated soil.  
3.2.4 Dissolved organic and inorganic nitrogen 
Air-dried soil was used for determination of dissolved organic N (DON) and 
dissolved inorganic N (DIN) due to limited availability of fresh soil. Comparison of 
dissolved total N (DTN) extracted from fresh and air-dried soil indicated that DTN 
was highly correlated between fresh or air-dried soil (Supplementary Figure 3.1), but 
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DTN in air-dried soil was generally three-fold greater. Therefore, DIN and DON is 
only used for comparisons among sites and time since fire and is not compared to 
other pools of N (e.g. microbial biomass N). 
Soil extracts for DON and DIN were prepared by shaking 5 g of dry soil with 0.05 
M potassium sulphate for 1 h then filtering with ashless filter paper. 20 mL of the 
soil extract was used analysed for determination of DTN using the TOC-analyser 
and the remaining portion was used for determination of ammonium and nitrate (see 
below). The amount of DIN was calculated as the sum of ammonium and nitrate 
and the amount of DON was estimated as the difference between DTN and DIN.  
Ammonium and nitrate were determined calorimetrically using salicylate according 
to the standard Lachat method (Hofer 2003; Pritzalaff 2003) using a continuous flow 
injection system (QuikChem®, Lachat Instruments, USA). In an automated process, 
soil extracts were heated with salicylate and hypochlorite in an alkaline phosphate 
buffer. The amount of ammonium in soil extracts was determined according to the 
intensity of the green colour developed and detected by the colorimetric detector 
within the system at a wavelength of 630 nm. As part of the automated process, an 
aliquot of the soil extract was passed through to a copperised cadmium column for 
determination of nitrite. Nitrate in soil extracts was reduced to nitrite, which was 
then measured by diazotising with sulphanilamide and mixed with N-(1 naphthyl) 
ethylenediamine dihydrochloride. The concentration of nitrate was determined from 
the intensity of the magenta colour measured at a wavelength of 520 nm. 
3.2.5 Heterotrophic soil respiration  
Carbon dioxide (CO2) evolved from soil was measured in the laboratory using a 
Multi-channel gas exchange system (Qubit System Inc. Kingston, Ontario, Canada) 
attached to an infrared CO2 analyser (Model S154). Soils were incubated in sealed 
polycarbonate incubation chambers (200 mm length, 44.6 mm inner diameter) 
specifically designed to fit the gas exchange system.  
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Respiration was first measured using about 80 g (soil dry weight equivalent) of field-
moist soil. A second respiration measurement was done using soil with standardised 
moisture content (21% of soil dry weight). Soil moisture was adjusted by gently 
mixing soil with the amount of deionised water required in a plastic tray before 
packing into an incubation chamber. At least 30 min before the first respiration 
measurement, the prepared incubation chambers were placed in a water bath at 20 °C 
to allow temperature equilibration. The amount of CO2 evolved (µg CO2-C h-1) was 
monitored over a 270 s time interval, and respiration rates were determined on the 
basis of averaged CO2 concentrations over the final 30 s. The rate of heterotrophic 
soil respiration (µg CO2-C g soil-1 h-1) was determined by dividing the volume of 
CO2 released by the weight of soil on an oven-dry basis.  
3.2.6 Statistical analysis 
Each pool of C and N was analysed for (1) variation among site for soil collected pre-
fire, (2) effect of time at an individual site level, and (3) effect of time at a landscape 
level (combined all sites). One-way analysis of variance (ANOVA) was done for each 
of the soil variables to determine spatial variation in soil prior to prescribed burning. 
Linear mixed models (LMM) were used to determine the effect of Time since fire 
and Site. For landscape level information, each analysis consisted of fixed factors of 
Time since fire and Site and their interaction, and the random factor as plot and the 
interaction between plot and Time. For site level information, the fixed factor 
consisted of Time since fire, with the random factor of plot and the interaction 
between plot and Time since fire. Where P value of the fixed factor is significant at α 
= 0.05, multiple pairwise comparisons of the marginal means calculated at each level 
were performed with the Bonferroni correction. Paired t-tests were used to compare 
rates of microbial respiration at two moisture conditions (field-moist and 
standardised moisture content). Most of the soil variables were not normally 
distributed and were log-transformed to fulfil the assumption for normality. All 
statistical analyses were done using IBM SPSS Statistics 22 (IBM, United States). 
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3.3 Results 
3.3.1 Soil pH and electrical conductivity 
At the site level, only two sites had significant changes in soil pH (Table 3.3 and 
Table 3.4). Soil from Frogs Hollow and Pettmans (LMM, P = 0.014 and 0.001, 
respectively) showed a pattern of increased pH over time. Electrical conductivity 
(EC) increased considerably compared to pre-fire soil, then returned to pre-fire levels 
(LMM, P = 0.08, 0.001, 0.006 and 0.021 for Pettmans, Upper Tambo, Oliver and 
Poddy, respectively).  
At the landscape level (i.e. across the nine sites), pH of soil collected at the three 
times since fire was not different at 1 week or 1 month post-fire, but had significantly 
increased after 1 year when compared to pre-fire soil (LMM, P = 0.01; Table 3.5). In 
contrast, EC was significantly greater at 1 week post-fire (LMM, P <0.001) and 
returned to levels similar to pre-fire soil samples at 1 month and 1 year post-fire.  
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Table 3.3: pH and electrical conductivity (EC) of soil from sites near Orbost 
collected before and at different time since fire. Values are means (n = 3) with 
standard deviations in parentheses. Means with different letters were 
significantly different at α = 0.05 as identified using linear mixed models and 
multiple pairwise comparisons with Bonferroni adjustment. 
Site Time since fire pH EC (µS cm-1) 
Frogs Hollow Pre-fire 5.00 (0.15)a 19.77 (3.13)a 
 1 week 4.89 (0.05)a 43.33 (17.73)a 
 1 month 5.08 (0.19)ab 20.92 (2.70)a 
 1 year 5.68 (0.34)c 21.01 (20.02)a 
    
Pettmans Pre-fire 5.72 (0.12)ab 20.16 (5.44)ab 
 1 week 5.15 (0.12)a 37.85 (7.78)b 
 1 month 5.69 (0.20)b 16.70 (8.63)a 
 1 year 7.02 (n.d)c 12.01 (n.d)a 
    
South Boundary Pre-fire 5.36 (0.27)a 36.87 (2.57)a 
 1 week 5.39 (0.15)a 80.57 (47.28)a 
 1 month 5.61 (0.37)a 31.42 (11.69)a 
 1 year 5.78 (0.11)a 32.92 (16.13)a 
    
Sandy Point Pre-fire 5.23 (0.07)a 58.35 (31.98)a 
 1 week 5.47 (0.82)a 96.70 (86.69)a 
 1 month 5.53 (0.29)a 65.78 (59.11)a 
 1 year 6.01 (0.55)a 53.5 (13.81)a 
    
Upper Tambo Pre-fire 5.42 (0.18)a 35.39 (5.68)a 
 1 week 5.53 (0.20)a 40.82 (12.67)a 
 1 month 5.6 (0.54)a 23.02 (6.23)b 
 1 year 6.1 (0.54)a 20.91 (5.69)b 
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Table 3.4: pH and electrical conductivity (EC) of soil from sites near Bemm 
River collected before and at different time since fire. Values are means (n = 3) 
with standard deviations in parentheses. Means with different letters were 
significantly different at α = 0.05 as identified using linear mixed models and 
multiple pairwise comparisons with Bonferroni adjustment. 
Site Time since fire pH EC (µS cm-1) 
Gravel Pre-fire 5.32 (0.08)a 23.62 (3.93)a 
 1 week 5.26 (0.37)a 21.70 (0.63)a 
 1 month 5.23 (0.44)a 23.10 (4.13)a 
 1 year 5.15 (0.14)a 27.45 (6.51)a 
    
Oliver Pre-fire 5.31 (0.21)a 22.79 (0.63)a 
 1 week 5.15 (0.53)a 21.16 (2.97)b 
 1 month 5.46 (0.20)a 21.46 (3.26)ab 
 1 year 5.41 (0.17)a 16.89 (2.57)ab 
    
Patrol Pre-fire 5.47 (0.11)a 15.43 (2.58)a 
 1 week 5.65 (0.43)a 31.11 (3.29)a 
 1 month 5.58 (0.05)a 21.85 (2.14)a 
 1 year 5.56 (0.10)
a 22.36 (6.32)a 
    
Poddy Pre-fire 5.75 (0.17)a 17.56 (2.70)a 
 1 week 5.88 (0.08)a 40.22 (11.58)ab 
 1 month 5.80 (0.21)a 31.08 (18.30)ab 
 1 year 5.78 (0.15)a 32.75 (2.50)b 
 
Table 3.5: Linear mixed models for the main factors (Site and Time since fire (TSF)) 
and the associated interaction of the dependent variables: soil pH and electrical 
conductivity (EC). Cases where P <0.05 are indicated in bold. 
 Fixed effect Degrees of 
freedom  
Denominator 
degree of 
freedom 
Wald F 
statistic 
P value 
pH Site 8 18 68.01 <0.001 
 TSF 3 54 39.74 <0.001 
 Site × TSF 24 54 59.49 0.049 
      
EC Site 8 18 6.15 0.001 
 TSF 3 54 11.60 <0.001 
 Site × TSF 24 54 1.82 0.035 
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3.3.2 Total carbon and nitrogen 
At the site level, total C and N in soil did not change after prescribed fire for the 
majority of sites (Tables 3.6 and 3.7). The exceptions were Sandy Point and Poddy 
for which total C (LMM, P = 0.002 and 0.016, respectively) and total N (LMM, P = 
0.004 and 0.039, respectively) varied significantly with time since fire but the 
patterns of change were different among sites. The greatest change in total C and 
total N for soil from Sandy Point occurred 1 week after fire, with decreases of up to 
27% and 21%, respectively, when compared to pre-fire soil. After this time, both 
total C and total N returned to levels similar to pre-fire soil. In contrast, total C 
measured in soil from Poddy was similar to measurements made pre-fire and 1 week 
after fire but was significantly lower 1 year after fire. Despite this, C:N of soil did not 
differ according to time since fire for either Sandy Point or Poddy. At the landscape 
scale (Figure 3.2), there were no significant changes in total C, total N or C:N 
among soils collected pre-fire and at the three times since fire (LMM, P = 0.424, 
0.171 and 0.255 for total C, total N and C:N, respectively; Table 3.8).  
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Table 3.6: Total C and N of soil from sites near Orbost collected before and at 
different time since fire. Values are means (n = 3) with standard deviations in 
parentheses, n.d.: not determined. Means with different letters were significantly 
different at α = 0.05 as identified using linear mixed models and multiple pairwise 
comparisons with Bonferroni adjustment. 
Site Time since fire Total C (%) Total N (%) C:N 
Frogs Hollow Pre-fire 5.0 (0.7)a 0.13 (0.01)a 38.3 (8.4)a 
 1 week 5.4 (0.3)a 0.15 (0.04)a 38.0 (7.9)a 
 1 month 6.3 (0.6)a 0.18 (0.04)a 37.0 (6.0)a 
 1 year 5.3 (0.7)a 0.14 (0.03)a 37.3 (2.9)a 
     
Pettmans Pre-fire 6.0 (2.3)a 0.19 (0.07)a 31.5 (0.9)a 
 1 week 5.7 (1.5)a 0.17 (0.06)a 33.7 (6.0)a 
 1 month 6.5 (2.1)a 0.21 (0.06)a 30.0 (2.3)a 
 1 year 5.5 (1.0)a 0.18 (0.05)a 31.4 (3.5)a 
     
South Boundary Pre-fire 5.7 (3.3)a 0.19 (0.09)a 29.6 (4.4)a 
 1 week 5.7 (0.8)a 0.20 (0.03)a 28.2 (5.7)a 
 1 month 5.5 (1.1)a 0.19 (0.04)a 29.0 (4.4)a 
 1 year 5.1 (1.3)a 0.18 (0.04)a 28.2 (5.1)a 
     
Sandy Point Pre-fire 10.3 (1.8)a 0.46 (0.12)ab 22.9 (3.0)a 
 1 week 7.5 (1.3)bc 0.37 (0.09)a 20.6 (1.9)a 
 1 month 8.4 (2.0)ac 0.41 (0.14)a 21.2 (2.9)a 
 1 year 11.0 (1.1)a 0.53 (0.13)b 21.2 (3.5)a 
     
Upper Tambo Pre-fire 8.2 (2.2)a 0.32 (0.13)a 27.2 (5.0)a 
 1 week 8.3 (4.0)a 0.33 (0.17)a 25.6 (2.0)a 
 1 month 8.3 (2.4)a 0.30 (0.11)a 28.8 (3.8)a 
 1 year 7.4 (n.d.)a 0.25 (n.d.)a 29.5 (n.d.)a 
 
  
 71 
 
Table 3.7: Total C and N of soil from sites near Bemm River collected 
before and at different time since fire. Values are means (n = 3) with 
standard deviations in parentheses. Means with different letters were 
significantly different at α= 0.05 as identified using linear mixed models 
and multiple pairwise comparisons with Bonferroni adjustment. 
Site Time since fire Total C (%) Total N (%) C:N 
Gravel Pre-fire 6.1 (0.1)a 0.19 (0.02)a 32.0 (3.2)a 
 1 week 5.6 (0.4)a 0.17 (0.04)a 33.6 (5.0)a 
 1 month 5.9 (0.2)a 0.19 (0.02)a 31.0 (2.1)a 
 1 year 6.4 (1.5)a 0.19 (0.03)a 33.1 (4.6)a 
     
Oliver Pre-fire 6.1 (1.0)a 0.18 (0.02)ab 33.8 (4.8)a 
 1 week 4.9 (1.4)a 0.16 (0.04)a 31.2 (5.4)a 
 1 month 7.1 (1.3)a 0.22 (0.04)b 31.9 (1.2)a 
 1 year 5.6 (1.1)a 0.18 (0.03)ab 31.2 (4.0)a 
     
Patrol Pre-fire 8.6 (0.7)a 0.23 (0.03)a 37.9 (2.0)a 
 1 week 9.6 (2.6)a 0.27 (0.09)a 35.8 (2.6)b 
 1 month 9.8 (2.0)a 0.30 (0.07)a 33.4 (3.0)c 
 1 year 9.5 (1.4)
a 0.29 (0.05)a 33.3 (2.1)c 
     
Poddy Pre-fire 7.4 (0.8)ab 0.24 (0.01)a 30.9 (3.2)a 
 1 week 8.6 (0.9)a 0.28 (0.02)a 31.3 (2.2)a 
 1 month 7.6 (0.8)ab 0.27 (0.02)a 28.4 (2.0)a 
 1 year 6.8 (0.6)b 0.23 (0.01)a 29.5 (3.6)a 
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Figure 3.2: Landscape scale temporal changes in total C and N in soil collected pre-
fire and at different time since fire (1 week (1 w), 1 month (1 m) and 1 year (1 y)); 
(a) total C, (b) total N and (c) C:N ratio. Dots represent mean values (n = 9) and 
error bars are standard deviation. Means were not significantly different at α = 0.05 
as identified using linear mixed models for total C, total N and C:N ratio. 
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Table 3.8: Linear mixed models for the main factors (Site and Time since fire (TSF)) 
and the associated interaction of the dependant variables: total C, total N and C:N. 
Cases where P <0.05 are indicated in bold. 
 Fixed effect Degrees of 
freedom  
Denominator 
degrees of 
freedom 
Wald F 
statistic 
P value 
Total C Site 8 17.192 4.126 0.007 
 TSF 3 50.616 0.950 0.424 
 Site x TSF 24 50.341 0.854 0.656 
      
Total N Site 8 17.428 5.664 0.001 
 TSF 3 50.665 1.737 0.171 
 Site x TSF 24 50.490 0.931 0.564 
      
C:N Site 8 18.140 5.467 0.001 
 TSF 3 51.366 1.394 0.255 
 Site x TSF 24 51.204 0.657 0.868 
 
3.3.3 Labile and microbial biomass pools of carbon and nitrogen 
Labile and microbial biomass pools of C and N in soil were measured for six of the 
sites (Pettmans, Sandy Point, Gravel, Oliver, Patrol and Poddy). For soils collected 
prior to prescribed burning (Table 3.9), concentrations of labile C were similar 
among sites (one-way ANOVA, P = 0.195) and ranged from 52–105 µg C g soil-1. 
The variation in labile N among sites was significant (one-way ANOVA, P <0.001) 
with the lowest concentration found in soil from Patrol (4.4 µg N g soil-1) and an 
eight-fold greater concentration in soil from Sandy Point (32.5 µg N g soil-1).  
For individual sites, concentrations of labile C in soil did not change except for 
Gravel (Table 3.9). Labile C in soil from Gravel did not change immediately after 
fire but was significantly lower at 1 year post-fire when compared to pre-fire soil 
(LMM, P = 0.06). Consistent patterns of decreases in labile N with time since fire 
were found for soil from Pettmans, Gravel and Oliver (Table 3.9). Large reductions 
(approximately 80%) in labile N from before fire to 1 year after fire were found for 
soil from Gravel and Oliver. At the landscape level, labile pools of C and N in soil 
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did not change immediately after fire but were significantly reduced at 1 year post-
fire (LMM, P = 0.008 and P <0.001, respectively; Figure 3.3 and Table 3.10). 
Microbial biomass pools of C and N (MBC and MBN, respectively) in soil collected 
pre-fire showed large variation among sites (one-way ANOVA, P <0.001; Table 3.9). 
Soil from two sites near Orbost (Pettmans and Sandy Point) had at least two-fold 
greater MBC compared to the four sites near Bemm River (Gravel, Oliver, Patrol and 
Poddy). Spatial variation of MBN did not follow the same pattern as found for labile 
C as MBN was lowest in soil from Patrol and was six-fold greater in soil from Sandy 
Point. 
Microbial C and N had different responses to fire among sites. Changes in microbial 
C were significant over time at two sites (Pettmans and Poddy; Table 3.9), whereas, 
microbial N changed significantly over time at three sites (Pettmans, Gravel and 
Oliver; Table 3.9). The site that showed the greatest change in microbial biomass 
after prescribed burning was Pettmans, which had 90% and 50% reductions in MBC 
and MBN, respectively, measured at 1 week post-fire. Microbial C in soil from 
Pettmans increased slightly at 1 month and 1 year post-fire, however, it was still 80% 
lower than when measured pre-fire. Similarly, post-fire variation in MBN in soil 
from Pettmans was greater when compared to other sites. Microbial biomass N was 
reduced by half at 1 week post-fire, doubled after 1 month then return to a level 
similar to pre-fire soil at 1 year post-fire. Overall at a landscape level (Figure 3.4), 
microbial pools of C and N were significantly decreased over time since fire (LMM, 
P <0.001 for both; Table 3.10). 
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Table 3.9: Labile and microbial biomass pools of C and N (MBC and MBN, respectively) of soil 
from selected sites collected before and at different time since fire. Values are means (n = 3) with 
standard deviations in parentheses. Means with different letters were significantly different at α = 
0.05 as identified using linear mixed models and multiple pairwise comparisons with Bonferroni 
adjustment.  
Site TSF Labile C Labile N MBC MBN 
  (µg C g soil-1) (µg C g soil-1) (µg C g soil-1) (µg C g soil-1) 
Orbost     
Pettmans Pre-fire 52.2 (17.2)a 6.1 (2.0)a 1208.4 (303.2)a 40.6 (6.8)A 
 1 week 59.1 (24.6)a 13.9 (5.7)a 139.3 (60.5)b 19.0 (4.3)B 
 1 month 58.3 (45.1)a 11.0 (2.0)a 305.5 (69.2)b 55.1 (12.9)A 
 1 year 33.2 (4.0)a 4.6 (1.5)b 220.2 (41.8)b 33.6 (4.6)A 
      
Sandy Point Pre-fire 93.4 (25.2)a 32.5 (15.9) a 956.6 (153.6) a 120.9 (46.7)A 
 1 week 125.3 (30.2 a 32.9 (15.7) a 614.9 (37.0) a 60.0 (14.5)A 
 1 month 58.1 (n.d.)a 13.6 (n.d.) a 467.6 (n.d.) a 47.4 (n.d.)A 
 1 year 152.8 (19.6)a 26.2 (7.0) a 821.1 (217.4) a 79.9 (25.6)A 
Bemm River     
Gravel Pre-fire 104.7 (26.4)a 23.6 (7.0)a 499.6 (101.7) a 102.7 (23.6)A 
 1 week 75.1 (10.1)ab 10.1 (5.6)ab 425.1 (95.1) a 61.2 (18.5)B 
 1 month 93.0 (14.8)a 11.5 (1.6)ab 396.1 (57.0) a 49.3 (3.5)B 
 1 year 62.1 (18.4)b 4.7 (1.5)b 430.5 (65.0) a 54.5 (7.9)B 
      
Oliver Pre-fire 100.2 (19.9)a 23.2 (6.4)a 444.5 (29.1) a 89.3 (9.7)A 
 1 week 97.1 (32.4)a 13.8 (1.4)b 375.9 (84.9) a 57.0 (17.8)B 
 1 month 88.7 (27.0)a 11.0 (2.2)b 512.7 (145.9) a 68.4 (22.0)B 
 1 year 51.6 (20.1)a 4.1 (0.4)c 393.7 (43.8) a 54.3 (4.7)B 
      
Patrol Pre-fire 74.0 (38.4) a 4.4 (0.8) a 220.8 (86.7) a 24.4 (9.8)A 
 1 week 126.5 (68.7) a 10.8 (3.1) a 389.6 (124.7) a 32.8 (8.6)A 
 1 month 93.4 (15.3) a 6.9 (2.0) a 391.4 (53.9) a 35.7 (5.5)A 
 1 year 60.3 (13.0) a 3.0 (1.5) a 266.2 (25.3) a 31.1 (1.2)A 
      
Poddy Pre-fire 86.5 (21.5) a 6.8 (0.8) a 452.2 (94.6)a 56.5 (18.5)A 
 1 week 122.5 (40.0) a 16.3 (6.9) a 648.1 (134.6)ab 55.5 (15.4)A 
 1 month 174.0 (94.8) a 17.4 (6.9) a 656.9 (68.1)b 61.5 (7.3)A 
 1 year 53.5 (4.9) a 5.6 (2.6) a 453.1 (98.9)a 67.5 (13.7)A 
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Figure 3.3: Landscape scale temporal changes in labile C and N in soil collected pre-
fire and at different times since fire (1 week (1 w), 1 month (1 m) and 1 year (1 y)); 
(a) Labile C, (b) labile N, (c) dissolved inorganic N, (d) dissolved organic N. Dots 
represent mean values (n = 9) and error bars are standard deviation. Means with 
different letters were significantly different at α = 0.05 as identified using linear 
mixed models and multiple pairwise comparisons with Bonferroni adjustment. 
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Figure 3.4: Landscape scale temporal changes in microbial biomass and respiration 
for soil collected pre-fire and at different times since fire (1 week (1 w), 1 month (1 
m) and 1 year (1 y); (a) microbial biomass C, (b) microbial biomass N, (c) rate of 
respiration for field-moist conditions, (d) rate of microbial respiration for 
standardised moisture conditions. Dots represent mean values (n = 9) and error bars 
are standard deviation. Means with different letters were significantly different at α = 
0.05 as identified using linear mixed models and multiple pairwise comparison with 
Bonferroni adjustment. Data for respiration at 1 month after fire were not available.  
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Table 3.10: Linear mixed models for the main factors (Site and Time since fire 
(TSF)) and the associated interaction of the dependant variables: labile C and N, 
dissolved inorganic N (DIN), dissolved organic N (DON) and microbial 
biomass C and N (MBC and MBN). Cases where P <0.05 are indicated in bold. 
 Fixed effect Degrees of 
freedom 
(df) 
Denominator 
 df 
Wald F 
statistic 
P value 
Labile C Site 5 12.325 5.723 0.006 
 TSF 3 34.938 4.567 0.008 
 Site × TSF 15 34.043 1.616 0.121 
      
Labile N Site 5 44.000 17.052 <0.001 
 TSF 3 44.000 24.190 <0.001 
 Site × TSF 15 44.000 4.232 <0.001 
      
DIN Site 8 18.218 7.371 <0.001 
 TSF 3 49.607 131.270 <0.001 
 Site × TSF 23 49.542 8.102 <0.001 
      
DON Site 8 15.640 5.671 0.002 
 TSF 3 47.675 0.280 0.840 
 Site x TSF 23 47.508 1.087 0.393 
      
MBC Site 5 11.893 10.570 <0.001 
TSF 3 34.064 9.045 <0.001 
 Site x TSF 15 33.222 13.260 <0.001 
      
MBN Site 5 11.441 10.240 0.001 
 TSF 3 32.883 9.422 <0.001 
 Site x TSF 15 32.258 6.618 <0.001 
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For soil collected pre-fire, the DIN fraction was dominated by ammonium (Tables 
3.11 and 3.12). Concentrations of ammonium ranged from 13–57 µg N g soil-1 and 
this contributed to more than 98% of the inorganic N pool in soil from most of the 
sites. Sandy Point had an exceptionally high concentration of nitrate (17.7 µg N g 
soil-1), which was up to 5-fold greater than in soil from other sites. The DON 
fraction in soil was also highly variable among sites, ranging from 9–25 µg N g soil-1. 
Overall, the size of pools of DIN and DON followed the order of ammonium > 
dissolved organic N > nitrate.  
Changes in concentration of ammonium after a prescribed fire followed a similar 
pattern found for labile N. Firstly, at 1 week post-fire, some of the sites had 
substantial changes in concentration of ammonium, but these changes were not 
detected when data were combined to represent the larger spatial scale (Figure 3.3). 
Secondly, regardless of whether there was an increase, decrease or no change in 
concentration of ammonium at 1 week post-fire, concentrations had decreased 
dramatically at 1 year post-fire, for both individual sites and when combined. 
Similarly, dissolved organic N also did not change until a decrease at 1 year post-fire. 
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Table 3.11: Dissolved inorganic nitrogen (ammonium and nitrate) and dissolved 
organic nitrogen (DON) of soil from sites near Orbost collected before and at different 
time since fire. Values are means (n = 3) with standard deviations in parentheses, n.d.: 
not determined. Means with different letters were significantly different at α = 0.05 as 
identified using linear mixed models and multiple pairwise comparisons with 
Bonferroni adjustment.  
Site 
Time since 
fire 
Ammonium 
(µg N g soil-1) 
Nitrate 
(µg N g soil-1) 
DON 
(µg N g soil-1) 
Frogs Hollow Pre-fire 25.10 (1.71) a 0.31 (0.03)a 12.68 (5.71)a 
 1 week n.d. n.d. n.d. 
 1 month 32.79 (11.09) a 0.38 (0.11)a 11.73 (4.39) a 
 1 year 18.22 (2.66) a 0.29 (0.07)a 11.29 (2.74) a 
     
Pettmans Pre-fire 32.84 (3.75)a 0.44 (0.29)a 11.31 (3.02) a 
 1 week 26.83 (6.85)ab 0.34 (0.06)a 12.15 (5.55) a 
 1 month 37.33 (4.11)a 0.47 (0.23)a 11.49 (2.00) a 
 1 year 18.14 (3.09)b 0.29 (0.06)a 10.95 (1.56) a 
     
South Boundary Pre-fire 24.55 (2.36) a 0.34 (0.04)a 9.89 (1.71) a 
 1 week 31.01 (9.04) a 0.64 (0.46)a 15.00 (2.98) a 
 1 month 29.55 (4.86) a 0.34 (0.08)a 12.95 (3.31) a 
 1 year 19.88 (2.27) a 0.35 (0.15)a 11.84 (1.42) a 
     
Sandy Point Pre-fire 36.03 (4.71) a 17.71 (15.25)a 24.58 (4.95) a 
 1 week 44.92 (22.56) a 2.42 (2.48)a 21.61 (5.17) a 
 1 month 33.87 (7.62) a 55.62 (34.23)a 18.57 (5.78) a 
 1 year 33.51 (7.07) a 1.21 (0.87)a 26.81 (5.15) a 
     
Upper Tambo Pre-fire 28.68 (1.25) a 3.13 (2.89)a  17.91 (1.70) a 
 1 week 29.12 (2.09) a 0.63 (0.38)a 17.73 (5.59) a 
 1 month 34.84 (11.46) a 0.72 (0.54)a 16.75 (6.49) a 
 1 year 19.01 (4.73) a 1.17 (0.71)a 11.43 (3.93) a 
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Table 3.12: Dissolved inorganic nitrogen (ammonium and nitrate) and 
dissolved organic nitrogen (DON) of soil from sites near Bemm River 
collected before and at different time since fire. Values are means (n = 3) 
with standard deviations in parentheses. Means with different letters were 
significantly different at α = 0.05 as identified using linear mixed models 
and multiple pairwise comparisons with Bonferroni adjustment. 
Site Time since 
fire 
Ammonium 
(µg N g soil-1) 
Nitrate 
(µg N g soil-1) 
DON 
(µg N g soil-1) 
Gravel Pre-fire 57.25 (1.53)a 0.42 (<0.01)a 12.97 (5.47)a 
 1 week 29.05 (6.11)b 0.35 (0.01)a 14.07 (4.00)a 
 1 month 35.34 (10.42)ab 0.24 (0.11)a 9.33 (1.03)a 
 1 year 10.12 (1.67)c 0.27 (0.04)a 6.18 (1.62)a 
     
Oliver Pre-fire 45.58 (4.96)a 0.45 (0.14)a 10.68 (1.64)a 
 1 week 27.67 (6.53)a 0.38 (0.12)a 13.65 (1.23)a 
 1 month 35.14 (10.72)a 0.39 (0.32)a 6.00 (4.52)a 
 1 year 13.13 (6.78)b 0.19 (0.02)b 6.14 (2.83)a 
     
Patrol Pre-fire 12.60 (1.00)a 0.44 (0.27)a 9.04 (1.38)a 
 1 week 20.82 (1.56)b 0.19 (0.02)b 6.79 (4.33)a 
 1 month 16.99 (3.24)a 0.30 (0.01)a 5.32 (4.43)a 
 
1 year 4.44 (1.10)c 0.48 (0.05)a 4.36 (0.67)a 
     
Poddy Pre-fire 18.55 (2.46)a 1.04 (1.39)a 12.32 (0.99)a 
 1 week 30.99 (5.14)b 0.66 (0.69)a 12.19 (5.69)a 
 1 month 16.04 (5.51)a 0.42 (0.09)a 15.98 (3.71)a 
 1 year 9.45 (2.04)c 0.58 (0.19)a 8.73 (2.20)a 
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3.3.4 Microbial activity and soil moisture 
For soil collected prior to burning, rates of microbial respiration (Table 3.13 and 
3.14) measured at field moisture content showed significant variation among sites 
(one-way ANOVA, P <0.001). Soil samples were collected between the years 2010 to 
2013 with soil moisture content varied greatly ranging between 3 and 50% (Tables 
3.13 and 3.14). All soil were collected during summer, therefore soil moisture 
content of most soil were lower than 10%. Except for Gravel and Oliver, prescribed 
burning were conducted after wet weather conditions, therefore had high soil 
moisture content. Rate of microbial respiration measured for pre-fire soil at field 
moisture was strongly related to the moisture content among sites (R2 = 0.67, Figure 
3.5). 
For soil kept at field-moist conditions, the rate of respiration changed significantly 
over time since fire at all sites, except for Frogs Hollow (LMM, P = 0.165). However, 
the patterns of change were highly variable among sites and time since fire, so it is 
difficult to describe a general trend. Standardised soil moisture conditions (at 21%) 
significantly increased the rate of respiration for soil collected 1 year post-fire from 
Frogs Hollow, South Boundary and Sandy Point (paired t-test, P <0.05). However, 
after minimising the potentially confounding influence of soil moisture, patterns of 
change in microbial respiration over time remained similar for most sites.  
At a landscape-scale (Figure 3.4), respiration of soil at field-moist conditions 
significantly increase at 1 week after fire followed by a 30% decline in respiration at 1 
year after fire (LMM, P <0.001; Table 3.15). For soil with standardised moisture 
content, respiration increased at 1 week and remained the same after 1 year (LMM, P 
<0.001; Table 3.15). 
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Table 3.13: Rates of microbial respiration of soil from sites near Orbost collected 
before and at different times since fire. Values are means (n = 3) with standard 
deviations in parenthesis. Field moisture condition refers to respiration of soil 
that was at field-moist conditions; standardised moisture condition refers to 
respiration of soil adjusted to a common gravimetric moisture content of 21% of 
soil dry weight basis. Means with different letters were significantly different at α 
= 0.05 as identified using linear mixed models and multiple pairwise 
comparisons with Bonferroni adjustment. 
Site Time 
since 
fire 
Soil 
moisture 
content (%) 
Rate of microbial respiration 
(µg CO2-C g soil-1 h-1) 
   
Field  
moisture 
condition 
 
Standardised 
moisture 
condition 
Frogs Hollow Pre-fire 11.4 (2.3)a 2.21 (0.95)a  2.05 (0.70)a 
 1 week 6.0 (1.4)b 2.14 (0.28)a  3.75 (0.46)b 
   1 year 7.7 (1.3)b 1.40 (0.19)a  3.66 (0.44)b 
      
Pettmans Pre-fire 8.2 (1.0)a 2.07 (0.35)a  2.58 (0.44)a 
 1 week 4.9 (1.6)b 2.25 (0.35)a  5.57 (2.54)a 
 1 year 4.3 (1.2)b 0.85 (0.05)b  2.98 (0.91)a 
      
South Boundary Pre-fire 5.9 (1.6)ab 1.30 (0.12)a  2.08 (0.79)a 
 
1 week 7.9 (1.4)a 3.44 (0.71)b  5.89 (3.36)b 
 1 year 4.8 (1.0)b 0.85 (0.33)a  3.86 (0.63)b 
      
Sandy Point Pre-fire 13.2 (1.0)a 4.42 (1.32)a  2.57 (0.60)a 
 1 week 13.8 (1.1)a 7.82 (1.77)a  6.73 (1.99)b 
 1 year 6.8 (1.5)b 0.74 (0.37)b  16.36 (2.27)c 
      
Upper Tambo Pre-fire 7.8 (0.5)a 2.00 (0.11)a  5.11 (1.66)a 
 1 week 3.9 (0.3)b 2.00 (0.18)a  6.07 (2.64)a 
 1 year 4.1 (0.3)b 0.69 (0.20)b  2.80 (1.16)b 
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Table 3.14: Rates of microbial respiration of soil from sites near Bemm River 
collected before and at different times since fire. Values are means (n = 3) with 
standard deviations in parenthesis. Field moisture condition refers to respiration of 
soil that was at field-moist conditions; standardised moisture condition refers to 
respiration of soil adjusted to a common moisture content of 21% of soil dry 
weight basis. Means with different letters were significantly different at α = 0.05 as 
identified using linear mixed models and multiple pairwise comparisons with 
Bonferroni adjustment. 
Site Time 
since 
fire 
Soil 
moisture 
content (%) 
Rate of microbial respiration 
(µg CO2-C g soil-1 h-1) 
   
Field 
moisture 
condition 
 
Standardised 
moisture 
condition 
Gravel Pre-fire 43.6 (8.6)a 4.79 (0.98)a  3.38 (0.71)a 
 1 week 14.4 (2.1)b 1.39 (0.36)b  1.63 (0.14)b 
 1 year 11.1 (0.7)b 2.70 (0.06)c  2.87 (0.19)a 
      
Oliver Pre-fire 37.1 (8.3)a 3.24 (0.47)a  2.63 (0.75)ab 
 1 week 14.3 (3.8)b 1.36 (0.28)b  1.61 (0.05)a 
 1 year 11.7 (1.5)b 2.14 (0.16)c  2.76 (0.48)b 
      
Patrol Pre-fire 6.6 (1.7)a 1.27 (0.06)a  1.51 (0.20)a 
 1 week 7.2 (1.4)a 3.69 (0.95)b  4.23 (1.40)b 
 1 year 10.7 (4.8)a 3.96 (1.49)b  2.97 (0.41)b 
      
Poddy Pre-fire 14.7 (4.6)a 1.94 (0.44)a  2.22 (0.56)a 
 1 week 12.4 (5.4)a 4.43 (0.96)b  5.27 (2.97)a 
 1 year 17.8 (3.7)a 3.88 (1.14)b  2.86 (0.62)a 
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Table 3.15: Linear mixed models for the main factors (Site and Time since fire 
(TSF)) and the associated interaction of the dependent variables: microbial 
respiration at two soil moisture conditions. Cases where P <0.05 are indicated in 
bold. 
 Fixed effect Degrees of 
freedom  
Denominator 
degrees of 
freedom 
Wald F 
statistic 
P value 
Respiration  
(field 
moisture) 
Site 8 18 8.429 <0.001 
TSF 2 36 54.175 <0.001 
Site × TSF 16 36 26.052 <0.001 
      
Respiration  
(standardised 
moisture) 
Site 8 18 5.455 0.001 
TSF 2 36 27.080 <0.001 
Site × TSF 16 36 10.727 <0.001 
 
 
Of all the soil variables measured (Supplementary Tables 3.2–3.4), soil moisture was 
one of the major factors influencing microbial respiration but the relationships varied 
among time since fire (Figure 3.5). Rate of microbial respiration was strongly related 
to moisture content for soil collected before fire and 1 year post-fire (R2 = 0.67 and = 
0.76, respectively; Figure 6.5a and d). At 1 week and 1 month post-fire, microbial 
respiration was poorly correlated with field moisture condition (R2 <0.08 and 0.17, 
respectively; Figure 3.5b and c), possibly due to other factors regulating the rate of 
respiration. This is supported by strong relationships between microbial respiration 
and labile pools of C and N, as well as EC at 1 week and 1 month post-fire when 
moisture content has only a weak influence on soil respiration (Supplementary 
Tables 3.2–3.4). 
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Figure 3.5: Relationships between microbial respiration (Resp) and soil gravimetric 
moisture content (mc) at different time since fire: (a) pre-fire, (b) 1 week, (c) 1 
month, and (d) 1 year. Data for 1 month since fire were not measured for soil 
collected from sites near Bemm River. 
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3.3.5 Summary of temporal changes in pools of soil C and N 
Overall, pools of soil C and N responded differently to prescribed burning in terms 
of size and time (Table 3.16). At the landscape-scale, the total organic component of 
soil C and N did not change with time since fire but the labile and microbial biomass 
pools of C and N in soil were smaller at 1 year post-fire compared to pools in soil 
collected before fire. Rate of soil C released via respiration increased at 1 week after 
fire. At 1 year post-fire, respiration from soil at standardised moisture remained 
greater than before fire, but rate of respiration from soil at field moisture decreased. 
Table 3.16: Summary of changes in pools of soil C and N compared to pre-fire 
soil at the landscape scale: ‘=’ indicates similar level for the soil variable compared 
to pre-fire soil, ‘↓’ indicates reduced C and N pools and ‘↑’ indicates increased C 
and N pools when compared to soil collected pre-fire. 
Pools of soil C and N 1 week 1 month 1 year 
Total C = = = 
Total N = = = 
C:N = = = 
Labile C = = = 
Labile N = = ↓ 
Dissolved inorganic N = = ↓ 
Dissolved organic N = = ↓ 
Microbial biomass C = = ↓ 
Microbial biomass N ↓ = ↓ 
Respiration at field moisture  ↑  ↓ 
Respiration at standardised moisture  ↑  ↑ 
 
Changes in pools of soil C and N after fire varied among the nine study sites (Table 
3.17). At each site, at least one soil variable that was measured changed after 
prescribed burning. Each site had specific combinations of changes in pools of soil C 
or N with fire-induced changes most likely to be related to (1) changes in activity of 
soil microorganisms (i.e. microbial respiration), (2) reduction in availability of 
inorganic N (ammonium) with increasing time since fire, and (3) the initial size of 
the pool of each nutrient (Supplementary Tables 3.5–3.6). 
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Table 3.17: Summary of changes in pools of soil C and N for soil collected from individual sites at different time since fire (TSF: 1 week, 1 month and 1 year) 
compared to pre-fire levels. For the range of variables measured ‘No change’ indicates that the variable was similar at all three sampling times after fire, ‘↑’ indicates an 
increase, ‘↓’ indicates a decrease and ‘=’ indicates similar level for the soil variable compared to pre-fire soil. Cells highlighted in grey indicate that changes over time 
were significant. Empty cells indicate that the data was not available. 
 Total C Total N Labile C labile N Ammonium Nitrate Dissolved 
organic N 
Microbial 
biomass C 
Microbial 
biomass N 
Respiration 
(field 
moisture) 
Respiration 
(adjusted 
moisture) 
Frogs 
Hollow No change 
at TSF 
No change 
at TSF   
No change 
at TSF 
No 
change at 
TSF 
No change 
at TSF   
No change at 
TSF 
1 week ↑ 
1 year ↑ 
Pettmans 
No change 
at TSF 
No change 
at TSF 
No 
change 
at TSF 
1 week = 
1 month = 
1 year ↓ 
1 week = 
1 month = 
1 year ↓ 
No 
change at 
TSF 
No change 
at TSF 
1 week ↓ 
1 month ↓ 
1 year ↓ 
1 week ↓ 
1 month = 
1 year = 
1 week = 
1 year ↓ 
No change 
at TSF 
South 
Boundary No change 
at TSF 
No change 
at TSF   
No change 
at TSF 
No 
change at 
TSF 
No change 
at TSF   
1 week ↑ 
1 year = 
1 week ↑ 
1 year ↑ 
Sandy 
Point 
1 week ↓ 
1 month = 
1 year = 
1 week = 
1 month = 
1 year = 
No 
change 
at TSF 
No change 
at TSF 
No change 
at TSF 
No 
change at 
TSF 
No change 
at TSF 
No change 
at TSF 
No change 
at TSF 
1 week = 
1 year ↓ 
1 week ↑ 
1 year ↑ 
Upper 
Tambo No change 
at TSF 
No change 
at TSF   
No change 
at TSF 
No 
change at 
TSF 
No change 
at TSF   
1 week = 
1 year ↓ 
1 week = 
1 year ↓ 
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Table 3.17 continued.         
  
 Total C Total N Labile C Labile N Ammonium Nitrate 
Dissolved 
organic N 
Microbial 
biomass C 
Microbial 
biomass N 
Respiration 
(field 
moisture) 
Respiration 
(Adjusted 
moisture) 
Gravel 
No change 
at TSF 
No change 
at TSF 
1 week = 
1 month = 
1 year ↓ 
1 week = 
1 month = 
1 year ↓ 
1 week ↓ 
1 month = 
1 year ↓ 
No change 
at TSF 
No change 
at TSF 
No change 
at TSF 
1 week ↓ 
1 month ↓ 
1 year ↓ 
1 week ↓ 
1 year ↓ 
1 week ↓ 
1 year = 
Oliver 
No change 
at TSF 
1 week = 
1 month = 
1 year = 
No change 
at TSF 
1 week ↓ 
1 month ↓ 
1 year ↓ 
1 week = 
1 month = 
1 year ↓ 
1 week = 
1 month = 
1 year ↓ 
No change 
at TSF 
No change 
at TSF 
1 week ↓ 
1 month ↓ 
1 year ↓ 
1 week ↓ 
1 year ↓ 
1 week = 
1 year = 
Patrol 
No change 
at TSF 
No change 
at TSF 
No change 
at TSF 
No change at 
TSF 
1 week ↑ 
1 month = 
1 year ↓ 
1 week ↓ 
1 month = 
1 year = 
No change 
at TSF 
No change 
at TSF 
No change 
at TSF 
1 week ↑ 
1 year ↑ 
1 week ↑ 
1 year ↑ 
Poddy 1 week = 
1 month = 
1 year ↓  
No change 
at TSF 
No change 
at TSF 
No change at 
TSF 
1 week ↑ 
1 month = 
1 year ↓ 
No change 
at TSF 
No change 
at TSF 
1 week = 
1 month ↑ 
1 year = 
No change 
at TSF 
1 week ↑ 
1 year ↑ 
No change 
at TSF 
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3.4 Discussion  
Based on the knowledge that the nine sites used in this study had similar vegetation 
and were located within a region that represented landscape-scale distances (i.e. tens 
of kilometres), the results demonstrate that the effects of prescribed fire on soil C and 
N were variable among: (1) sites and (2) pools of soil C and N, and (3) time since 
fire. 
3.4.1 Total C and N  
Total C and N were not affected by fire either directly and indirectly for most of the 
sites. This is in agreement with other studies that have examined soil C after 
prescribed burning (Hopmans 2003; Nave et al. 2011; Volkova and Weston 2013). 
Fire intensity of prescribed burning in mixed-species eucalypt forest is generally low 
to moderate (Bradstock and Auld 1995; Tolhurst and Kelly 2003; Volkova and 
Weston 2013) and it is likely that soil temperatures reached during the burn were not 
sufficiently high enough to change total C and N via volatilisation from SOM 
(Wüthrich et al. 2002; Prieto-Fernández et al. 2004; Nobles et al. 2009). 
Furthermore, deposition of pyrOM after fire can potentially compensate for the loss 
of total C and N from SOM (Johnson and Curtis 2001; Prieto-Fernández et al. 
2004; Dijkstra et al. 2006; Knicker 2007; Granged et al. 2011). 
3.4.2 Microbial biomass 
Microbial biomass pools of C and N were expected to be altered immediately by fire 
due to a number of factors including changes in nutrient availability (Certini 2005) 
and low tolerance to soil heating (Raison 1979; Neary et al. 1999). At one week after 
fire, microbial C was not affected by fire in most sites, and microbial N was reduced 
in three of the six sites. The lack of a consistent decrease in microbial biomass, 
particularly microbial C, can potentially be attributed in part to low temperature 
during prescribed burns (Wüthrich et al. 2002) although this was not tested in this 
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study. Soil heating can be highly patchy over a burn area (Penman et al. 2007), 
reflecting an uneven distribution of surface fuels before the fire and resulting in 
uneven soil heating (Ando et al. 2014). Moreover, soil heating only occurs in the 
surface few centimetres of the soil (Neary et al. 1999), particular for low intensity 
fires such as prescribed burning. In retrospect, the soil used in this study was 
collected from depths of 0–10 cm which, if there was a response to soil heating in the 
upper few centimetres of soil, the ‘microbial signal’ is likely to have been diluted by 
including soil too deep for heat produced during prescribed fire to penetrate. Future 
studies should use much soil samples from shallower depths (i.e. 0–2 cm) as so as to 
examine in finer detail changes in C and N dynamics across the heating profile. 
3.4.3 Labile carbon and nutrients  
Increases in labile C and nutrients after fire are commonly found. In this study, 
prescribed fire resulted in immediate changes in labile C and N followed by a 
consistent decrease a year after fire, particularly for inorganic N. A strong decline in 
labile C and N (including DIN) at 1 year post-fire was found at the landscape scale 
and for most individual sites. Post-fire decline in labile N in soil, particularly 
ammonium and nitrate, has been reported previously and can occur a few months or 
up to a few years after fire (Antos et al. 2003; Prieto-Fernández et al. 2004; Richard et 
al. 2012). Decreases in labile C and N have been variously attributed to uptake by 
plants (Adams and Attiwill 1984; Tolhurst and Turvey 1992; Weston and Attiwill 
1996; Stewart et al. 1993; Certini, 2005) and nutrient loss by erosion and surface 
water run-off (Cawson et al. 2013). Prescribed fire may increase soil fertility in the 
short-term, but any benefit is reduced as the vegetation recovers. However, as shown 
in this study, when interpreting changes in labile nutrient concentration after fire at 
the landscape-scale, variation among sites can obscure finer nuances of nutrient 
dynamics at the smaller scale. In particular, both the starting (pre-fire) labile 
conditions and time since fire added to the complexity of dynamics of labile N for 
each site.   
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3.4.4 Dynamics of microbial respiration  
Prescribed fire resulted in varied changes (no change, decrease or increase) in 
microbial respiration (both with and without moisture adjustment) among the 
studied sites, and among time since fire. Variable microbial response to fire was not 
unexpected, as microbial respiration is highly sensitive to changes in the 
environment. In this study, microbial activity was stimulated at 1 month and 1 year 
after fire, most likely due to enhanced labile C and N and other nutrients provided 
by ash deposited post-fire (Humphreys and Lambert 1965; Adams and Attiwill 1991; 
Chambers and Attiwill 1994).  
Microbial respiration is usually well correlated with microbial biomass, even after fire 
(Dooley and Treseder 2011). However, for most of the sites in this study, variation 
in microbial respiration could not be explained by changes in microbial biomass. 
There were no changes in microbial respiration associated with sterilisation of soil 
and death of soil microorganisms as reported for intense fires (Fritze et al. 1993; Kim 
and Tanaka 2003; Hamman et al. 2007).  
One year after fire, varied rates of microbial respiration were most strongly related to 
soil moisture. This is in agreement with Hamman et al. (2007) who found decreases 
in soil respiration in the post-fire environment were influenced by soil moisture and 
temperature. The duration of microbial response found in this study was similar to 
the study by Wüthrich et al. (2002) with enhanced microbial respiration persisting 
for 6 months after prescribed fire, albeit shorter than the 12 years-microbial 
stimulation after slash-and-burn reported by Fritze et al. (1993). Different microbial 
response times are potentially due to different types and amounts of fuel being burnt 
during fire. The current study suggests that any stimulation of microbial respiration 
by prescribed fire was transient, with elevated rates of respiration until the flush of 
available C and nutrients were exhausted. After this point, soil moisture was the 
dominant driver of soil microbial activity.  
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3.4.5 Variation masked by generalising among sites 
The effect of fire on pools of soil C and N can change considerably with time since 
fire but in this study such changes were not reflected in total C and N. This 
demonstrates the importance of investigating all forms of C and N to determine the 
underlying effect of fire on soil C and N pools. As a consequence, modification of 
forest C cycling by fire would be underestimated if it was only based on changes in 
total C and N in soil. Moreover, this study demonstrated that pools of N are affected 
by fire differently compared to pools of C and mechanisms of modification of C by 
fire are likely to be different to that of N.  
The effects of prescribed fire on soil C and N were smaller than spatial and temporal 
variation found in this study. Similarly, Nave et al. (2011) and Dore et al. (2014) 
found that effects of fire are highly dependent on geographic setting and regional 
analysis is required for appropriate assessment, monitoring or planning for prescribed 
burning. Many studies have reported that lack of detectable changes in soil C after 
fire was mainly due to large variations in total C in soil prior to burning. To capture 
this variation, good sampling strategies are required (Knicker 2007; Volkova and 
Weston 2013; Santín et al. 2015). In this study, the spatial variation in total C and N 
in soil was controlled to some extent by selecting sites with the same forest type, 
collecting sample in same season and in reasonably close geographical proximity. As a 
result, the variation in total C and N in soil collected prior to burning was able to 
explain up to 70% of the variation among soil collected post-fire. Despite this and 
the thorough sampling scheme used (multiple plots, locations and sampling times), 
there was no discernible change in total C and N after fire at most of the individual 
sites and across the landscape. Results from this study provide robust evidence that 
prescribed fire may have limited to no impact on soil C and N. Even using a carefully 
designed experiment such as presented in this study, inherent variation across the 
landscape may still mask any patterns of change in total soil C. This suggests that 
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total C and N is not a good indicator of the effects of prescribed fire on soil C and 
nutrient dynamics. 
Nevertheless, when DIN and DON was considered at site- and landscape-scales, fire-
induced changes in soil from among sites at 1 week post-fire were smaller than 
between-site variation. This was apparent for the four sites near Bemm River 
indicating that some fire effects are site-specific and by generalising the effects of fire 
across sites may not be a true reflection of the effects of fire on the broader forest 
ecosystem. Similar finding have been reported by Nave et al. (2011), who found that 
small yet significant differences in soil C and N after fire were masked at the 
landscape-scale.  
In the absence of fire, microbial response is generally influenced by seasonal variation 
in soil temperature and moisture (Raich and Schlesinger 1992; Davidson et al. 1998; 
Michelsen et al. 2004) as well as spatial variation in soil and litter characteristics 
(Epron et al. 2004). In the presence of fire, Andersson et al. (2004) found that 
seasonal variation can mask the effect of low intensity fire on microbial properties. By 
comparing rates of respiration determined for field-moist conditions and at 
standardised moisture levels, and at different time since fire, this study showed a 
short-term microbial response to fire but longer-term response to climatic conditions. 
The effect of low intensity prescribed burning on soil microorganisms is highly time-
dependent and the effect may be smaller than the influence of spatial and seasonal 
variation. Many authors have suggested that deposition of pyrOM has a direct 
impact on microbial communities (e.g. Dijkstra et al. 2006; Campbell et al. 2008) 
and this may be the source of the short-term response of microbial respiration. In 
addition, pyrOM produced from fire can represent a substantial amount of C input 
to soil and important to soil C dynamics (Lehmann et al. 2008; Santín et al. 2012; 
Bodí et al. 2014). The following chapter explores how pyrOM can affect soil C and 
N dynamics and how it influences microbial activity. 
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3.5 Supplementary Tables and Figure 
 
Supplementary Table 3.1: Relationships between microbial respiration and soil characteristics measured for soil collected before prescribed fire. 
Rate of microbial respiration were determined for soil kept at field moisture, Resp(Field), and with standardised moisture at 21% , Resp(Std). 
MBC, MBN, MC and EC are microbial biomass C, microbial biomass N, gravimetric moisture content and electrical conductivity, respectively. 
Values represent correlation coefficients (r) determined from Pearson’s correlations. P value <0.05 and <0.001 are indicated with * and **, 
respectively. 
 
Resp 
(Field) 
Resp 
(Std) 
Total C Total N C:N Labile C Labile N MBC MBN MC pH 
Resp(std) 0.251           
Total C 0.162 0.243 
 
        
Total N 0.345 0.384* 0.895** 
 
       
C/N -0.378 -0.428* -0.300 -0.648** 
 
      
Labile C 0.476* 0.445* 0.080 0.127 -0.149 
 
     
Labile N 0.788** 0.444* 0.326 0.539** -0.556** 0.537* 
 
    
MBC 0.171 0.153 -0.190 0.033 -0.314 0.090 -0.036     
MBN 0.935** 0.592** 0.193 0.488* -0.695** 0.511* 0.833** 0.192    
MC 0.644** 0.131 -0.169 -0.164 0.104 0.549* 0.552** -0.257 0.531*   
pH -0.239 0.059 0.001 -0.028 -0.133 -0.297 -0.303 -0.354 -0.213 -0.147  
EC 0.289 0.280 0.541** 0.743** -0.589** 0.151 0.530* 0.140 0.455* -0.130 -0.236 
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Supplementary Table 3.2: Relationships between microbial respiration and soil characteristic measured for soil collected at one week after fire. 
Rate of microbial respiration were determined for soil kept at field moisture, Resp(Field), and with standardised moisture at 21% , Resp(Std). 
MBC, MBN, MC and EC are microbial biomass C, microbial biomass N, gravimetric moisture content and electrical conductivity, respectively. 
Values represent correlation coefficients (r) determined from Pearson’s correlations. P value <0.05 and <0.001 are indicated with * and **, 
respectively. 
 Resp 
(Field) 
Resp 
(Std) 
Total C Total N C/N Labile C Labile N MBC MBN MC pH 
Resp(std)  0.525**           
Total C  0.351   0.304           
Total N  0.606**  0.536**  0.839 **         
C/N  -0.543**  -0.519** -0.163   -0.624**        
Labile C  0.535*  0.276   0.605*  0.603 -0.125        
Labile N  0.739**  0.407   0.245   0.662**  -0.664 **  0.447       
MBC  0.544* -0.030   0.394   0.574*  -0.511*  0.435   0.351      
MBN  0.080  -0.426  -0.138   0.092   -0.516*  0.018   0.131   0.777**    
MC  0.238  -0.348  -0.163   0.004  -0.274  -0.127   0.075   0.654**  0.922 **   
pH  0.447*  0.317   0.327   0.411* -0.353   0.141   0.222   0.354   0.102   0.230   
EC  0.553**  0.686 **  0.080   0.376   -0.517**  0.239   0.308   0.068  -0.385   0.014   0.211  
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Supplementary Table 3.3: Relationships between microbial respiration and soil characteristic measured for soil collected at one month after fire. 
Rate of microbial respiration were determined for soil kept at field moisture, Resp(Field), and with standardised moisture at 21% , Resp(Std). 
MBC, MBN, MC and EC are microbial biomass C, microbial biomass N, gravimetric moisture content and electrical conductivity, respectively. 
Values represent correlation coefficients (r) determined from Pearson’s correlations. P value <0.05 and <0.001 are indicated with * and **, 
respectively. 
 Resp 
(Field) 
Resp 
(Std) 
Total C Total N C/N Labile C Labile N MBC MBN MC pH 
Resp(std)  0.948**            
Total C  0.397   0.474           
Total N  0.527   0.499   0.831**          
C/N -0.295  -0.025  -0.220   -0.675**         
Labile C 0.787**   0.682*   0.311   0.370  -0.047        
Labile N  0.624*   0.509  -0.058   0.178   -0.536*   0.736**       
MBC  0.529   0.356   0.196   0.380  -0.351   0.696**   0.617*      
MBN  0.017  -0.046  -0.109  -0.024  -0.210   0.173   0.329   0.601*     
MC -0.414  -0.501  -0.072   0.082  -0.145   0.105   0.245   0.420   0.547*    
pH  0.373   0.269   0.193   0.182  -0.210  -0.102   0.118   0.041  -0.028  -0.212   
EC  0.799**   0.863**   0.359   0.681**   -0.565**  0.698**   0.441   0.458   0.218   0.142  -0.206  
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Supplementary Table 3.4: Relationships between microbial respiration and soil characteristic measured for soil collected at one year after fire. Rate of 
microbial respiration were determined for soil kept at field moisture, Resp(Field), and with standardised moisture at 21% , Resp(Std). MBC, MBN, 
MC and EC are microbial biomass C, microbial biomass N, gravimetric moisture content and electrical conductivity, respectively. Values represent 
correlation coefficients (r) determined from Pearson’s correlations. P value <0.05 and <0.001 are indicated with * and **, respectively. 
 Resp 
(Field) 
Resp 
(Std) 
 Total C   Total N   C/N   Labile C   Labile N   MBC   MBN   MC   pH  
Resp(Std) -0.328            
 Total C  -0.293   0.868**           
 Total N  -0.335   0.939**   0.945**          
 C/N   0.342   -0.723**   -0.594**   -0.780**         
 Labile C  -0.202   0.870**   0.803**   0.798**   -0.507*        
 Labile N  -0.371   0.955**   0.858**   0.938**   -0.791**   0.856**       
 MBC   0.006   0.866**   0.764**   0.798**   -0.675**   0.830**   0.847**      
 MBN   0.203   0.739**   0.637**   0.681**   -0.549*   0.758**   0.719**   0.937**     
 MC   0.882**  -0.049  -0.036  -0.082   0.136   0.108  -0.096   0.286   0.468*    
 pH   -0.676**   0.158   0.050   0.075  -0.069  -0.031   0.136  -0.050  -0.219   -0.721**   
 EC -0.227   0.749**   0.718**   0.802**   -0.771**   0.742**   0.778**   0.657**   0.586**  -0.013  -0.197  
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Supplementary Table 3.5: Relationships among soil variables measured pre-fire 
against different time since fire (1 week, 1 month and 1 year): total carbon (total C), 
total nitrogen (total N), carbon to nitrogen ratio (C:N), pH, electrical conductivity 
(EC), labile carbon (labile C), labile nitrogen (labile N), microbial biomass carbon 
(MBC) and microbial biomass nitrogen (MBN). Data were analysed using linear 
regression analysis between pre-fire and each of the time since fire categories for the 
nine sites with three plots at each site (n=27). Cases where P <0.05 are indicated in 
bold.  
 Time since fire Adjusted 
R2 
Correlation 
Coefficient (r) 
P value 
Total C 1 week 0.276 0.565 0.003 
 1 month 0.406 0.562 <0.001 
 1 year 0.638 0.855 <0.001 
     
Total N 1 week 0.648 0.736 <0.001 
 1 month 0.771 0.735 <0.001 
 1 year 0.842 1.071 <0.001 
     
C:N 1 week 0.720 0.939 <0.001 
 1 month 0.742 0.729 <0.001 
 1 year 0.524 0.665 <0.001 
     
pH 1 week 0.308 0.998 0.002 
 1 month 0.182 0.619 0.017 
 1 year 0.111 0.937 0.089 
     
EC 1 week 0.141 0.838 0.037 
 1 month 0.343 0.857 0.001 
 1 year 0.566 0.717 <0.001 
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Supplementary Table 3.6: Relationships among soil variables measured pre-fire 
against different time since fire (1 week, 1 month and 1 year): labile carbon (labile 
C), labile nitrogen (labile N), microbial biomass carbon (MBC) and microbial 
biomass nitrogen (MBN). Data were analysed using linear regression analysis 
between pre-fire and each of the time since fire categories for the six sites with three 
plots at each site (n=18). Cases where P <0.05 are indicated in bold.  
 Time since fire Adjusted 
R2 
Correlation 
Coefficient (r) 
P value 
Labile C 1 week 0.025 0.451 0.254 
 1 month 0.000 0.088 0.872 
 1 year 0.018 0.475 0.282 
     
Labile N 1 week 0.000 0.108 0.646 
 1 month 0.000 0.037 0.763 
 1 year 0.370 0.506 0.010 
     
MBC 1 week 0.071 -0.187 0.157 
 1 month 0.107 -0.154 0.116 
 1 year 0.000 -0.043 0.668 
     
MBN 1 week 0.639 0.500 <0.001 
 1 month 0.025 0.134 0.259 
 1 year 0.584 0.406 0.001 
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Supplementary Figure 3.1: Relationship between concentration of total dissolved 
nitrogen extracted with oven-dried (at 40 °C) soil and field-moist soil. Dots 
represent mean values (n = 3) and error bars are standard deviation 
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Chapter 4:  
The effect of pyrogenic organic matter 
on soil carbon pools 
4.1 Introduction 
4.1.1 Changes in litter quality after fire 
Litter is an important component of ecosystem carbon (C) and nutrient cycling. In 
forest ecosystems, deposition of litter such as leaves, twigs and bark onto soil surfaces 
represents a considerable input of C and nutrients from plants to soil (Ågren and 
Bosatta 1996; Jandl and Sollins 1997). The processes facilitating transformation of C 
and nutrients from litter into soil organic matter (SOM) (e.g. decomposition, 
comminution) depends on the quality and age of aboveground litter, as well as soil 
and climate conditions (Attiwill et al. 1996).  
Fire can directly modify C and nutrient availability through combustion of 
aboveground plant biomass. It can also indirectly modify processes that regulate C 
cycling such as microbial decomposition (Neary et al. 1999; Certini 2005). During 
fire, aboveground litter is the main fuel stratum responsible for propagation of fire 
(Sullivan et al. 2010) and is consumed or otherwise thermally altered (Raison 1979). 
In the post-fire environment, conversion of aboveground litter to pyrogenic organic 
matter (pyrOM) represents a shift in quality of C inputs to soil microbes (Pietikäinen 
et al. 2000), from more easily decomposable C, such as carbohydrates and cellulose 
derived from plant litter, to chemically stable, less easily decomposable forms such as 
compounds with condensed aromatic rings (Raison 1979; Zackrisson et al. 1996; 
Knicker 2011b). Understanding the role of pyrOM as an alternative pathway for 
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input of aboveground C and nutrients and quantifying its rate of decomposition is 
important for understanding C turnover and dynamics in the post-fire environment.  
4.1.2 Abiotic control of microbial respiration 
As pyrOM is deposited onto the soil surface and is incorporated into the soil profile 
as part of SOM, it has the potential to form a source of energy for soil 
microorganisms. The breakdown or decomposition of SOM is a microbially-
mediated process (Schimel and Weintraub 2003) and can be indicated by the rate of 
microbial respiration. Microbial respiration is controlled by a numbers of factors 
including, but not limited to, soil moisture, availability of C and nutrient availability, 
such as nitrogen (N) and phosphorus (P). In the longer term, these control factors 
may also affect microbial growth and assimilation, generally indicated by a change in 
microbial biomass, or the composition of microbial populations. Deposition of 
pyrOM can affect the rate of microbial respiration by changing these and other soil 
characteristics. Examples of how these factors can be altered by pyrOM and their 
broad influence on microbial activity are presented below. The examples used mostly 
refer to the effects of pyrOM produced during prescribed fire or wildfire, but may 
also refer to other combustion residues such as biochar and wood ash. 
Soil moisture—After fire, deposition of pyrOM, particularly the ash fraction, helps 
retain soil moisture due to its high water holding capacity (Bodí et al. 2014). 
Alternatively, ash can modify soil moisture content through induction of soil 
hydrophobicity and changes in water flow regime (Doerr et al. 2000; Cardenas and 
Kanarek 2014). Soil moisture influences microbial respiration directly through 
physiological processes such as osmoregulation and indirectly via rates of diffusion of 
C substrates and oxygen (Luo and Zhou 2010). Generally, microbial respiration 
increases with increasing soil moisture but is reduced when soil becomes saturated 
and anaerobic conditions prevail (Luo and Zhou 2010). Microbial respiration can 
also be limited when soil moisture is extremely low such as during drought 
(Davidson et al. 1998). 
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Soil pH—Considerable increases in soil pH have been found after addition of 
pyrOM to soil including application of wood ash (Ohno and Erich 1990; Fritze et al. 
1994; Jokinen et al. 2006) and deposition of pyrOM after fire (Raison 1979; Certini 
2005). Soil pH is important for regulating chemical reactions and production of 
enzymes by microorganisms. The optimal soil pH for bacteria is in the range of 4–9 
and in the range of 4–6 for fungi (Luo et al. 2011). However, some soil 
microorganisms are highly sensitive and only function at much narrower ranges of 
soil pH (Rousk et al. 2010). Soil microorganisms can also become stressed under 
extreme pH conditions (Aciego Pietri and Brookes 2008). Bååth and Arnebrant 
(1994) found that adding ash to soil increased pH by at least one unit and that there 
was strong correlations among soil pH, increased microbial respiration and growth. 
An increase in soil acidity may result in soil fungi dominating over bacteria resulting 
in a decrease of the overall rate of microbial respiration (Rousk et al. 2009).  
Availability of readily decomposable carbon—Changes in the form of C 
availability directly affect rates of microbial decomposition. Pyrogenic OM is mostly 
composed of chemically stable forms of C (also referred to as recalcitrant C) which 
can persist in the soil for hundreds to tens of hundreds of years (Baldock and 
Skjemstad 2000; Schmidt et al. 2011). From the perspective of microorganisms, 
using pyrOM as a source of C is more difficult to decompose than other labile forms 
of C such as simple sugar from root exudates. Rates of respiration are therefore likely 
to be low with pyrOM as the C input. The quality and quantity of C input can also 
influence microbial decomposition and is discussed further in Chapter 5. 
Nitrogen availability—Heating soil at low temperatures can release forms of 
inorganic N such as ammonium and nitrate which can be taken up by plants and 
microbes (Certini 2005). However, at temperatures above 200 °C, N is transformed 
into more complex heterocyclic aryl compounds such as benzonitrite (Hilscher and 
Knicker 2011), and at higher temperatures N can be volatilised and lost from the soil 
system (Neary et al. 1999). Using soil incubation studies and field trials, it is 
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commonly found that when N is added as fertiliser to soil, microbial respiration and 
biomass is suppressed (Bowden et al. 2004; Thirukkumaran and Parkinson 2000; 
Janssens et al. 2010). Reduction in microbial activity after amendment with an N-
based fertiliser is generally attributed to decreased soil pH. However, the effect of N 
deposition can be variable depending on the quality of the organic input for 
microbial decomposition. Fog (1988) recorded enhanced microbial respiration when 
N was added to easily decomposable plant material but respiration rates were reduced 
after addition of plant litter with high C:N. Nitrogen deposition also shifted from 
enhancement to suppression of microbial respiration during progressive stages of 
litter decomposition (Berg and Matzner 1997). The effect of N derived from pyrOM 
on microbial respiration is not well understood. It is difficult to compare microbial 
responses to deposition of N by addition of pyrOM with N-based fertiliser or organic 
matter such as litter, as the chemical composition of the input is vastly different and 
soil pH changes with addition of pyrOM (Raison 1979; Ohno and Erich 1990; 
Fritze et al. 1994; Certini 2005; Jokinen et al. 2006). As a consequence, the impact of 
N input via pyrOM on soil microbial respiration will be investigated in this study. 
Phosphorus—Soil in Australia is often described as being low in available P due to 
advanced soil age and the prevailing climatic conditions when soil was formed 
(McLaughlin 1996). Pyrogenic OM contains high concentrations of P, particularly 
the finer fractions which have been shown to be rich in minerals (Bodí et al. 2014; 
Jenkins et al. 2014). Aboveground productivity usually increases when pyrOM such 
as wood ash (Humphreys and Lambert 1965; Demeyer et al. 2001; Augusto et al. 
2008) and biochar (Biederman and Harpole 2013; Liu et al. 2013; Wang et al. 2014) 
are used as soil amendments. The mechanism of microbial acquisition of P differs 
from that of C and N as the latter is driven by a need for energy released through 
oxidation of organic matter whereas microbial acquisition of P is controlled by supply 
and need of the element to facilitate the breakdown of C compounds (McGill and 
Cole 1981). As such, the process of releasing available forms of P from SOM is a 
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biochemical process facilitated through extracellular hydrolysis (McGill and Cole 
1981; Spohn and Kuzyakov 2013). When C is not limiting, addition of P accelerates 
microbial decomposition and, in some cases, increases microbial biomass (Cleveland 
et al. 2002; Ehlers et al. 2010; Giesler et al. 2012; Spohn and Kuzyakov 2013; 
Turner and Wright 2014; Nottingham et al. 2015). 
4.1.3 The priming effect 
Addition of organic matter to soil can enhance or inhibit the rate of decomposition 
of SOM – a phenomenon referred to as the priming effect (Kuzyakov et al. 2000). In 
forests, priming can be the result of addition of a substrate from decomposition of 
aboveground litter such as leaves (Crow et al. 2009) and belowground biomass such 
as roots (Rasse et al. 2005; Dijkstra et al. 2009). Priming can be classified as being: 
(1) positive when the rate of SOM decomposition is accelerated after addition of a C 
substrate; or (2) negative when the rate of SOM decomposition is retarded after 
addition of a C substrate (Kuzyakov et al. 2000; Figure 4.1). The magnitude of the 
response, such as direction (positive or negative), extent and timing of occurrence, 
largely depends on the chemical composition and quantity of the C substrate 
supplied. For example, the priming effect (either positive or negative) is often greater 
for soils rich in C compared to C-poor soils and is greater for increased availability of 
labile C substrates (Kuzyakov et al. 2000; Blagodatskaya and Kuzyakov 2008). Both 
positive and negative priming effects can occur immediately (hour to days) or shortly 
after application (days to weeks) after addition of SOM. 
A combination of microbial responses (e.g. changes in rate of respiration or biomass) 
and timing (e.g. duration of effect) to addition of C substrates can be used to classify 
a positive priming effect as an ‘apparent’ or a ‘real’ priming effect (Blagodatskaya and 
Kuzyakov 2008). An apparent priming effect usually occurs within hours to days and 
when the amount of C in the substrate added is less than the amount of C 
represented as microbial biomass. In this case, the C substrate added enhances 
microbial respiration but is insufficient to induce microbial growth. A real priming 
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effect usually last for a longer period of time (weeks to months) and occurs when the 
availability of a C substrate is sufficient to increase both microbial respiration and 
growth. This usually occurs when the amount of substrate C added is greater than 
the amount of C in the original microbial biomass (Blagodatskaya and Kuzyakov 
2008).  
 
 
Figure 4.1: A simplified model of the priming effect (PE). The bar to the left 
represents an additive relationship between CO2 released from soil (light grey) and 
addition of organic matter (dark grey). The middle bar represents a positive priming 
effect with enhanced CO2 release (a), and the bar to the right represents a negative 
priming effect with retarded CO2 release (b). Diagram modified from Kuzyakov et 
al. (2000). 
 
Understanding the priming effect of pyrOM deposited after fire is important for 
appreciating changes in soil C dynamics caused by prescribed burning. Deposition of 
pyrOM on soil can cause a priming effect, but the direction, magnitude and response 
time varies among types of pyrOM and soil properties (Zimmerman et al. 2011; 
Maestrini et al. 2014). Extensive studies of the priming effect of pyrOM on SOM 
decomposition have been based on biochar (e.g. Luo et al. 2011; Keith et al. 2011; 
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Zimmerman et al. 2011; Bruun et al. 2012) or using laboratory-made pyrOM that 
mimic pyrOM produced from fire (e.g. Gundale and DeLuca 2006; Hilscher et al. 
2009; Nocentini et al. 2010b; Abiven and Andreoli 2011; Ascough et al. 2011). 
Much less work has been conducted on pyrOM originating naturally from forest 
fires. Nevertheless, a synthesis of the research related to pyrOM and its priming effect 
is presented below.  
(1) Priming effects caused by addition of pyrOM can be either positive (Hamer 
et al. 2004; Fontaine et al. 2007; Hilscher et al. 2009; Kuzyakov et al. 2009; 
Smith et al. 2010; Bruun et al. 2012; Jenkins et al. 2014), negative (Hamer et 
al. 2004; Kuzyakov et al. 2009; Nocentini et al. 2010b; Keith et al. 2011; 
Jones et al. 2011) or have no effect at all (Spokas and Reicosky 2009; Novak 
et al. 2010; Liang et al. 2010; Maestrini et al. 2014). 
(2) Priming effect responses caused by addition of pyrOM are time-dependent. 
The magnitude of the priming effect is usually greatest immediately after 
addition of pyrOM then decreases with incubation time (Hamer et al. 2004; 
Fontaine et al. 2007; Hilscher et al. 2009; Kuzyakov et al. 2009: Nocentini et 
al. 2010b; Smith et al. 2010; Brunn et al. 2012). Over time the priming 
effect can also change from positive to negative or from negative to positive 
(Zimmerman et al. 2011). 
(3) The magnitude of priming effects varies among soil types. For example, the 
priming effect can be greater in soil with high pH compared to low pH (Luo 
et al. 2011) or soil pH may have no effect at all (Smith et al. 2010). The 
priming effect is greater in soil with high C content (Kuzyakov et al. 2009) 
but lower in soil with high clay mineral content (Fang et al. 2014). 
(4) The priming effect varies among types of pyrOM and depends on the 
original plant material (Hamer et al. 2004; Hilscher et al. 2009; Zimmerman 
et al. 2011) and the heating conditions under which it was produced such as 
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temperature and duration (Nocentini et al. 2010; Keith et al. 2011; Fang et 
al. 2014; Luo et al. 2011). 
Among all of these studies, two major mechanisms are commonly accepted to explain 
the priming effect caused by pyrOM. Firstly, pyrOM promotes the shift of microbial 
communities with different growth strategies such as r-strategists to K-strategists 
(Blagodatskaya et al. 2009). Inputs of readily available substrates such as dissolved 
OM stimulate fast growing r-strategists and contribute to an apparent priming effect 
during the early stages of incubation. The more chemically resistant portion of 
pyrOM may stimulate slow growing K-strategists which usually occur in the later 
stage of incubation (Blagodatskaya et al. 2009). The second mechanism is that 
pyrOM provides favourable habitats or conditions for soil microbes. For example, 
high levels of porosity in pyrOM can provide refuges for soil microbes providing 
protection against soil faunal predators (Zackrisson et al. 1996). This is a particularly 
favourable situation for microbes that are small in size and able to decompose C 
substrates resistant to degradation such as pyrOM (Pietikäinen et al. 2000). Increases 
in soil pH after adding pyrOM can also promote growth of soil microbes (Bååth and 
Arnebrant 1994).  
4.1.4 Aim 
Fire-induced modification of soil C and nutrient availability influence microbial 
activity mainly through soil heating (see Chapter 3) and deposition of C in pyrOM 
but also through changes in soil conditions such as moisture content and pH. The 
purpose of the study described in this chapter is to tease apart the effects of soil 
heating from that of addition of pyrOM on microbial respiration and growth. Using 
short-term laboratory incubations of soil collected before fire and pyrOM collected 
from the corresponding sites after prescribed burning, the influence of soil heating 
during fire could be avoided (see Chapter 3) and emphasis is placed on changes in 
soil C caused by the deposition of pyrOM. 
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The following research questions will be addressed:  
(1) Can pyrOM contribute C and nutrients (N and P) in a form available for use 
by soil microorganisms? 
(2) Does soil moisture influence microbial response to pyrOM? 
(3) How do microbial responses relate to C and nutrients provided by pyrOM? 
4.2 Materials and methods 
4.2.1 Collection and preparation of soil and pyrogenic material 
Soil (0–10 cm depth) was collected prior to prescribed burning from two sites near 
Bemm River (Gravel and Oliver; see Chapter 2 for site details and description of pre-
fire soil) from three plots at each site (n = 6 samples in total). Soil was sieved to <2 
mm and kept at 4 °C until required. Samples of pyrOM were collected from Gravel 
and Oliver within 1 week post-fire, (three plots from each site) according to the plot 
and subplot layout described previously (see Chapter 2 for details). Pyrogenic OM 
collected from the four subplots in each plot were mixed to form one composite 
sample representing each plot and sieved to <2 mm. To illustrate the nature of the 
soil and pyrOM selected for used in incubations in this study, concentrations of total 
C, total N and C:N ratios of soil and pyrOM collected from individual plots at 
Gravel and Oliver are shown in Table 4.1 (see Chapter 2 for details). 
 
Table 4.1: Total C and N of soil and pyrogenic organic matter (PyrOM) 
used for incubation. Values are means (n = 3) with standard deviation in 
parentheses. 
 Site C (%) N (%) C:N 
Soil Gravel 6.08 (0.12) 0.19 (0.02) 32.0 
 Oliver 6.15 (0.98) 0.18 (0.03) 33.8 
     
PyrOM Gravel 17.59 (6.12) 0.45 (0.09) 39.1 
 Oliver 13.48 (0.35) 0.35 (0.06) 38.9 
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The moisture content of soil was adjusted to two levels relative to 100% water 
holding capacity (WHC) prior to the start of the incubation. To determine WHC 
for each soil, approximately 100 g of field moist soil was packed in a plastic tube 
which had previously been sealed with filter paper (Whatman 42) on one end. The 
sealed end of the cylinder was submerged into deionised water in a plastic tray for 30 
min to allow full saturation of the soil. The tube was removed from the water and 
excess water was allowed to drain. The tube and soil was oven-dried at 60 °C 
overnight. The WHC (%) of the soil was calculated as the weight of water lost per g 
dry soil. 
Soil moisture was adjusted to two levels of WHC, 55% (dry soil) and 70% (wet soil), 
at least 24 h before the addition of pyrOM. To adjust the moisture content, soil 
samples were spread out on a plastic tray and sprayed with deionised water and mixed 
gently. Moistened soil was left at room temperature for 30 min to allow maximum 
water absorption and then kept in a sealed bag at 4 °C until required. For soil that 
had higher moisture content than required, it was spread out on a plastic tray and 
kept at 4 °C until the correct moisture content was reached. The moisture content of 
soil was determined by monitoring weight loss from the soil plus plastic tray. 
4.2.2 Experimental design and incubation 
Pyrogenic OM was added to (i) dry soil, (ii) wet soil and (iii) sand in a factorial 
design (Table 4.2). Pyrogenic OM collected from each plot was added to the 
corresponding soil at a rate of 5% of soil dry weight and gently mixed in a plastic tray 
(4 replicates per treatment per plot). For the treatment with sand, pyrOM was added 
to acid-washed sand at 5% of sand dry weight. This experimental design was 
replicated for two sites (Gravel and Oliver) and three plots for each site. 
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Table 4.2: Experimental design of the four treatments with soil 
and two treatments with sand resulting from a combination of 
two levels of water holding capacity (55 and 70%) and with 
(+PyrOM) or without (Control) pyrogenic organic matter 
(pyrOM). 
Water holding 
capacity  
Unamended  
(Control) 
Amended 
(+PyrOM) 
Soil at 55% Dry soil Dry soil + PyrOM 
Soil at 70% Wet soil Wet soil + PyrOM 
Sand at 55% Sand Sand + PyrOM 
4.2.3 Microbial respiration and priming effect 
Samples were packed into polycarbonate cylinders, placed into a 20 °C water bath 
and attached to the respirometer, allowing at least 30 min for equilibration (see 
Chapter 3 for full details). Rate of microbial respiration was then measured 
continuously over three consecutive days (up to 72 h). 
To estimate the priming effect induced by addition of pyrOM, it is expressed as the 
cumulative CO2 released by amended soil minus the CO2 released from the 
unamended soil and sand amended with pyrOM. The priming effect (PE) is 
calculated as: 
PE = CCpyrOM+soil – CCsoil – CCpyrOM+sand 
Where CCpyrOM+soil is the cumulative CO2 released from the soil amended with 
pyrOM, CCsoil is the cumulative CO2 released from unamended soil and CCpyrOM+sand 
is the cumulative CO2 released from sand amended with pyrOM, then corrected with 
the cumulative CO2 released from sand. 
4.2.4 Analysis of available P and microbial biomass P 
One replicate of each treatment was removed from the respirometer each day (0, 1, 2 
and 3 d) for analysis of physical and chemical properties including pH, electrical 
conductivity (EC), gravimetric soil moisture content, microbial biomass (C, N and 
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P), labile C and N, and Bray 1 P. Details of the analyses used for characterisation of 
soil are described in Chapters 2 and 3. 
Soils used in this study were classified as acidic with pH values between 5–6 (see 
Chapter 2), therefore the Bray 1 method (Bray and Kurtz 1945) was used to 
determine the concentration of extractable P. Briefly, about 1 g (dry weight 
equivalent) of fresh soil was weighed in triplicate into glass beakers or centrifuge 
tubes. Each sample was extracted with 7 mL of Bray 1 extracting solution (1.11 g L-1 
ammonium fluoride, 2.5 mL concentrated hydrochloric acid), vortexed vigorously for 
60 s, centrifuged at 3000 rpm for 10 min then filtered with ashless filter paper. Soil 
extracts were analysed on the same day as extraction. For colorimetric analysis, 0.5 
mL of the soil extract was mixed with 2.0 mL of colour regent (L-ascorbic acid, 
ammonium molybdite, potassium antimonyl tartrate and concentrated sulphuric 
acid) and allowed to stand for 30 min for the colour to develop fully. Coloured 
extracts were placed in a UV spectrometer and absorbance measured at a wavelength 
of 882 nm. Estimated concentrations of P were determined by a linear regression 
equation constructed using absorbance of solutions prepared with known 
concentrations. The value for extractable P was estimated using a dilution factor of 
14. 
 
The P content of microbial biomass was determined by chloroform fumigation over 
24 h (see Chapter 3, Section 3.2.3) followed by Bray 1 extraction (Brookes et al. 
1984) as described above. 
4.2.5 Statistical analysis 
A linear mixed model (LMM) was used to determine the effect of incubation time 
(Time) and treatment. Each analysis consisted of fixed factors of Time, Treatment 
Available P (µg/g)= 
P concentration  (µg/g ) x 14
soil dry weight (g)
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and their interactions, and the random factor of sample and their interaction with 
Time. When the P value of the fixed factor was significant at α = 0.05, multiple 
pairwise comparisons of the marginal means calculated at each level were performed 
with a Bonferroni correction. Paired t-tests were used to compare the range of soil 
variables (i) before and after incubation, and (ii) with or without pyrOM. Two-way 
ANOVA was used to determine the effect of moisture and amendment on 
cumulative CO2 released. Relationship among soil variables over the 3 d incubation 
of soil with and without pyrOM was determined using Pearson correlation. All 
statistical analyses were done using IBM SPSS Statistics 22 (IBM, United States). 
4.3 Results  
Most of the results (with the exception of priming effect) were similar between 
Gravel and Oliver so the data obtained from the two sites have been combined for 
graphical presentation. Data used in statistical analyses were kept separate to 
determine the effect of site. Details are provided in instances where results were 
significantly different between sites or there was a strong site interaction. 
4.3.1 Physical soil variables 
Adding pyrOM to soil and sand increased pH, however this was only significant for 
the dry soil treatment (paired t-test, P = 0.028), and not for wet soil and sand (Table 
4.3). In contrast, EC was at least three times greater for all treatments amended with 
pyrOM (paired t-test, P = 0.004, 0.015 and 0.005 for dry soil, wet soil and sand, 
respectively; Table 4.3). Soil moisture content did not change after adding pyrOM to 
soil or sand (paired t-test, P = 0.463, 0.106 and 0.229 for dry soil, wet soil and sand, 
respectively; Table 4.3). 
 
 
 
 115 
 
Table 4.3: pH, electrical conductivity (EC) and soil moisture of soil at the end of 
the incubation (3 d) with (+PyrOM) or without (Control) addition of pyrogenic 
organic matter (pyrOM). Values are means (n = 6) and standard deviation is 
indicated in parentheses. P values were determined using paired t-tests. Cases 
where P <0.05 are indicated in bold. 
 Treatment Control +PyrOM P value 
pH Dry soil 5.46 (0.10) 5.91 (0.40) 0.028 
 Wet soil 5.47 (0.16) 5.82 (0.36) 0.053 
 Sand 8.16 (0.30) 8.31 (0.66) 0.341 
     
EC Dry soil 30.19 (5.20) 112.58 (64.22) 0.004 
(µS cm-1) Wet soil 31.29 (6.16) 107.73 (50.70) 0.015 
 Sand 11.87 (0.80) 170.48 (96.62) 0.005 
     
Soil moisture 
(%) 
Dry soil 18.87 (4.60) 19.52 (4.25) 0.463 
Wet soil 26.66 (4.58) 25.89 (4.12) 0.106 
Sand 15.76 (2.73) 13.57 (0.36) 0.229 
4.3.2 Microbial respiration  
Adding pyrOM to soil (both dry and wet soil treatments) increased the rate of 
microbial respiration during the 3 d incubation (LMM, P <0.001; Figure 4.2 and 
Table 4.4). For both dry and wet soil, the greatest rate of microbial respiration 
occurred during the hour immediately after addition of pyrOM, which was eight 
times faster (34.2 and 31.2 µg CO2-C g soil-1 h-1, dry and wet soil, respectively) than 
soil without addition of pyrOM (4.1 and 3.7 µg CO2-C g soil-1 h-1, dry and wet soil, 
respectively). During the incubation period, microbial respiration of soil with 
pyrOM decreased exponentially over time but was at a higher rate than the 
unamended soil (Control) at the end of the incubation. Microbial respiration of soil 
without pyrOM remained at a steady rate until the end of the incubation. 
For soil amended with pyrOM, microbial respiration was greater in wet soil 
compared to dry soil (multipe pairwise comparison; Figure 4.2). For unamended soil, 
there were no differences in rates of respiration between the two levels of soil 
moisture (multipe pairwise comparison; Figure 4.2). The pattern of increased 
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respiration in the amended soil was supported by a strong interaction between time 
and treatment (LMM, P <0.001; Table 4.4). 
For treatments using sand, the rate of microbial respiration for sand amended with 
pyrOM was substantial throughout the incubation period (Figure 4.2) and was 
greater than the unamended sand at all times (LMM, P <0.001; Table 4.4). The 
pattern of microbial respiration for this treatment was different to that of soil with 
and without pyrOM. Two peaks rates of microbial respiration were measured – at 
the first hour immediately after addition of pyrOM (7.3 ± 2.2 µg CO2-C g soil-1 h-1) 
and 20 h after addition (6.9 ± 1.8 µg CO2-C g soil-1 h-1). For the remainder of the 
time, microbial respiration for sand with pyrOM (3.7 ± 1.3 µg CO2-C g soil-1 h-1) 
was not significantly different from unamended soil at both levels of WHC (paired t-
test, P = 0.14 and = 0.11 for dry soil and wet soil, respectively). Microbial respiration 
of sand (unamended) remained close to zero (0.3 ± 0.1 µg CO2-C g soil-1 h-1) at all 
times during the incubation period (Figure 4.2). 
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Figure 4.2: Rate of microbial respiration of soil during 3 d incubation: (a) soil at two 
levels of water holding capacity and with (+pyrOM) and without addition of pyrOM 
(unamended soil), and (b) sand with (+pyrOM) and without addition of pyrOM. 
Points represent mean values (n = 6 for soil and n = 3 for sand) and error bars are 
standard deviation. 
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Table 4.4: Linear mixed models for the main factors (Time, Treatment and Site) and 
the associated interaction for rate of microbial respiration. Cases where P <0.05 are 
indicated in bold. 
  Degrees of 
freedom 
Denominator 
degrees of 
freedom 
Wald F 
statistic 
P value 
Soil Time 44 716 31.43 <0.001 
 Treatment 3 716 1950.19 <0.001 
 Site 1 4 0.79 0.423 
      
 Time × Site 44 716 0.79 0.839 
 Time × Treatment 132 716 4.26 <0.001 
 Site × Treatment 3 716 80.99 <0.001 
 Time × Site × Treatment 132 716 0.67 0.997 
      
Sand Time 44 259 2.67 <0.001 
 Treatment 1 246 3739.43 <0.001 
 Site 1 4 1.10 0.347 
      
 Time × Site 44 259 0.12 1.000 
 Time × Treatment 44 259 4.77 <0.001 
 Site × Treatment 1 246 106.62 <0.001 
 Time × Site × Treatment 44 259 0.12 1.000 
 
4.3.3 Cumulative CO2 released and the priming effect 
After 3 d of incubation, soil with pyrOM had released a total of 577 and 619 µg 
CO2-C g soil-1 (dry and wet soil treatment, respectively). When compared to 
unamended soil, adding pyrOM increased the release of CO2 by at least three times 
for both moisture treatments (two-way ANOVA, P <0.001; Table 4.5). Higher soil 
moisture content did not contributed to significantly greater amounts of cumulative 
CO2 released for treatments with or without pyrOM (two-way ANOVA, P = 0.695). 
However, adding pyrOM to sand resulted in the release of 321 µg CO2-C g soil-1 
representing 1.5 times greater cumulative CO2 released compared to the unamended 
soil (paired t-test, P = 0.030).  
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Table 4.5: Cumulative CO2 released at the end of 3 d incubation from soil and 
sand with (+pryOM) and without (Control) pyrogenic organic matter (pyrOM). 
Values are means (n = 6) with standard deviation in parentheses. Means with 
different letters were significantly different at α = 0.05 as identified using two-way 
ANOVA and Tukey’s post-hoc comparison. Data for treatments with sand were 
not included in this statistical analysis. 
 Cumulative CO2 (µg CO2-C g soil-1) 
 Control  +PyrOM 
Dry soil 208 (44)a  577 (125)b 
Wet soil 205 (52)a  619 (194)b 
Sand 31 (3)  321 (82) 
 
 
The priming effect of pyrOM on microbial respiration was represented by different 
patterns for the two sites investigated (Figure 4.3). The priming effect for soil from 
Gravel was positive during the first 24 h with a maximum cumulative CO2 
production of 46 mg CO2-C g soil-1 but was negative by the end of the incubation. 
In contrast, soil and pyrOM from Oliver showed a positive priming effect that 
continued to increase with incubation time. The magnitude of the priming effect of 
pyrOM on soil from Oliver was at least five times greater than for soil from Gravel 
with a cumulative average of 202 mg CO2-C g soil-1 released by the end of the 
incubation. 
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Figure 4.3: Cumulative priming effect for soil and pyrogenic organic matter from (a) 
Gravel and (b) Oliver during the 3 d incubation. Points represent mean values (n = 
3) and error bars are standard deviation. 
4.3.4 Carbon and nutrient availability 
During the first day of incubation, adding pyrOM to soil increased the concentration 
of labile C and available P by 150% and 500%, respectively (Figure 4.4). Small (i.e. 
6–8%) but significant amounts of labile N were also added to the soil with addition 
of pyrOM (Figure 4.4; LMM, P <0.001; Table 4.6). The effect of treatment on 
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availability of labile C, labile N and available P was highly significant between soil 
with and without addition of pyrOM (LMM, P <0.001; Table 4.6), but was not 
significantly different between the two soil moisture conditions (multipe pairwise 
comparison; Figure 4.4). 
The amount of labile C was significantly reduced during the 3 d incubation period 
(LMM, P <0.001; Table 4.6). Labile C in soil with added pyrOM was greatest at the 
beginning of the incubation (0 d) and gradually reduced to a level similar to the 
unamended (Control) soil. This pattern was the same for both levels of soil moisture. 
The interaction term between the two main factors (incubation time and treatment) 
for labile C was strong (LMM, P = 0.001; Table 4.6) and indicated a decline in labile 
C that was only found in soil with addition of pyrOM. The effect of site was not 
significant for labile C, labile N and available P (LMM, P >0.05 for all; Table 4.6). 
The interaction term between site and treatment was strong (LMM, P = 0.036, 0.002 
and <0.001 for labile C, labile N and available P respectively; Table 4.6) and was 
most likely driven by the addition of pyrOM to the soil. Adding pyrOM to soil from 
both Gravel and Oliver increased labile C, labile N and available P but increases were 
always greater for Oliver compared to Gravel (data not shown).  
The addition of pyrOM to sand, an inert material, was a good indicator of the C, N 
and P that would potentially be available to soil microbes: 161 µg C g sand-1 of labile 
C, 8 µg N g sand-1 of labile N, and 14 µg P g sand-1 of available P (Figure 4.4). 
Compared to the unamended soil (Control), pyrOM in sand was two times greater in 
concentration of C, and five times greater in concentration of available P, but only 
one-tenth of the concentration of labile N. For soil with addition of pyrOM, the 
concentration of labile C was significantly greater for Oliver compared to Gravel 
(LMM, P <0.001; Table 4.6), but the concentration of labile N and available P were 
not significantly different between sites (LMM, P = 0.098 and 0.074, respectively; 
Table 4.6).  
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Figure 4.4: Labile carbon (C), labile nitrogen (N) and available phosphorus (P) for 
treatments including soil (left panels) and sand (right panels) during the 3 d 
incubation. (a) Labile C, (b) labile N and (c) available P (Bray 1) among treatments 
with (+pyrOM) and without (Control) addition of pyrogenic organic matter 
(pyrOM). Bars represent mean values (n = 6) and error bars are standard deviation. 
Means with different letter (capital letters for treatments using soil, lower case letters 
for treatments using sand) were significantly different at α = 0.05 as identified using 
linear mixed models and multiple pairwise comparisons with Bonferroni adjustment.    
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Table 4.6: Statistics associated with linear mixed models for the main factors 
(Time, Treatment and Site) and the associated interaction terms for the tested 
dependent variables (labile C, labile N and available P). Cases where P <0.05 
are indicated in bold. 
  Labile C Labile N Available P 
Soil Time <0.001 0.917 0.061 
 Treatment <0.001 <0.001 <0.001 
 Site 0.294 0.102 0.532 
     
 Time × Treatment 0.001 0.007 0.829 
 Time × Site 0.716 0.450 0.238 
 Site × Treatment 0.036 0.002 <0.001 
 Time × Site × Treatment 0.991 0.858 0.232 
     
Sand Time 0.073 0.087 0.953 
 Treatment <0.001 <0.001 <0.001 
 Site <0.001 0.098 0.074 
     
 Time × Site 0.849 0.462 0.917 
 Time × Treatment 0.212 0.343 1.000 
 Site × Treatment 0.001 0.236 0.033 
 Time × Site × Treatment 0.861 0.848 0.990 
 
4.3.5 Microbial biomass 
For both soil moisture conditions, microbial biomass C and P were significantly 
higher after adding pyrOM (Figure 4.5). The extent of this increase was small (less 
than 10%) and did not change over incubation time (LMM, P = 0.672 and 0.519, 
for microbial biomass C and microbial biomass P, respectively; Table 4.7). Among 
the four soil treatments, the greatest microbial biomass C was found for the 
combination of pyrOM with wet soil and the smallest biomass C with dry soil 
without pyrOM. Microbial biomass P only increased with addition of pyrOM at the 
higher soil moisture. Microbial biomass N did not change as a result of adding 
pyrOM, however, the combination of greater soil moisture and pyrOM resulted in 
greater microbial biomass N (multipe pairwise comparisons, Figure 4.5). Overall, 
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microbial biomass C, N and P were influenced by treatment (LMM, P <0.001, 0.010 
and <0.001, respectively; Table 4.7), either by adding pyrOM, increasing soil 
moisture or a combination of both. However, for all these variables, the effects of site, 
incubation time and the associated interaction were not significant (LMM, P >0.05 
for all; Table 4.7).  
The amount of microbial biomass C, N and P measured for pyrOM added to sand 
was substantial after 1 d incubation time (LMM, P <0.001; Table 4.7). This 
indicated that the increased rate of microbial respiration after 20 h for sand 
treatments (Figure 4.2) with added pyrOM was due to microbial activity (Figure 
4.5). Despite the lack of statistical difference, there were patterns of increased 
microbial biomass C, N and P over the incubation time which may indicate growth 
of the microbial population.  
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Figure 4.5: Microbial biomass (MB) of treatments with soil (left panel) and sand 
(right panel) during the 3 d of incubation. (a) MBC, (b) MBN and (c) MBP among 
soil treatments with (+pyrOM) and without (Control) addition of pyrogenic organic 
matter (pyrOM). Bars represent mean values (n = 6) and error bars are standard 
deviation. The missing bars for sand represent values that were below the detection 
limit of less than 0.01 μg P g soil-1. Means with different letters (capital letters for 
treatments with soil and lower case letters for treatments with sand) were 
significantly different at α = 0.05 as identified using linear mixed models and 
multiple pairwise comparisons with Bonferroni adjustment. 
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Table 4.7: Statistics associated with linear mixed models for the main factors 
(Time, Treatment and Site) and the associated interaction terms on the tested 
dependent variables (microbial biomass C, N and P – MBC, MBN and MBP). 
Cases where P <0.05 are indicated in bold. 
  MBC MBN MBP 
Soil Time 0.672 0.816 0.519 
 Treatment <0.001 0.010 <0.001 
 Site 0.187 0.608 0.314 
     
 Time × Site 0.648 0.926 0.560 
 Time × Treatment 0.700 0.944 0.610 
 Site × Treatment 0.702 0.625 0.661 
 Time × Site × Treatment 0.754 0.593 0.631 
     
Sand Time 0.911 0.559 0.325 
 Treatment <0.001 0.008 0.004 
 Site 0.361 0.657 0.231 
     
 Time × Site 0.959 0.869 0.229 
 Time × Treatment 0.913 0.684 0.225 
 Site × Treatment 0.346 0.559 0.236 
 Time × Site × Treatment 0.944 0.867 0.178 
 
 
4.3.6 Balances of available nutrients and microbial biomass 
The ratios between concentrations of C to P and N to P indicated that microbial 
activity is largely driven by the amount of available P (Table 4.8). The ratio of labile 
C:available P was at least four-fold greater in soil without pyrOM (80:1 at 0 d) 
compared to soil with pyrOM (20:1 at 0 d). This suggests that adding pyrOM may 
reduce P limitation in soil. Furthermore, over the 3 d incubation period, labile 
C:available P for soil without pyrOM nearly doubled, while there was no change for 
soil with pyrOM. A similar trend was found for labile N:available P in soil added 
with pyrOM, the ratio of labile N:available P was at least six time greater than the 
unamended soil. However, for both wet and dry soil and soil with or without 
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pyrOM, available P was reduced at a greater rate than labile N in soil with addition 
of pyrOM as indicated by the increased ratio of labile N:available P. The ratio 
between MBC:MBN was maintained at about 10:1.  
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Table 4.8: The relationship between labile C (LC), labile N (LN) and available P (LP) versus microbial biomass (MBC, MBN and MBP) 
during the 3 d incubation. Values are means (n = 6). 
 Day LC:LN LC:LP LN:LP LC:MBC MBC:MBN MBC:MBP MBN:MBP 
Dry soil +pyrOM 0 3.5 19.9 6.0  0.32 8.9 61.9 6.8 
 1 2.8 19.6 7.4  0.26  11.3 69.3 6.8 
 2 2.4 18.0 7.7  0.23  8.7 88.1 9.9 
 3 2.3 13.6 6.5  0.21  9.1 74.9 8.1 
 
Dry soil 0 2.3 80.3 33.6  0.21  8.2 94.2 11.8 
  1 2.1 110.9 49.7  0.21  9.1 91.4 10.7 
 2 2.2 201.3 84.4  0.24  7.5 77.3 10.6 
 3 2.1 139.4 64.5  0.22  7.5 69.3 9.4 
 
Wet soil +pyrOM 0 3.8 20.1 5.6  0.32  10.2 80.2 8.0 
 1 3.0 18.6 6.9  0.21  10.7 81.1 7.6 
 2 2.8 20.9 8.0  0.21  9.7 88.2 9.7 
 3 2.6 19.4 8.4  0.20  9.1 66.8 7.2 
 
Wet soil 0 2.5 91.5 36.5  0.19  10.0 124.9 13.3 
 1 2.3 118.4 47.5  0.18  10.3 115.4 11.7 
 2 2.5 137.1 52.2  0.22  9.2 101.4 11.6 
 3 2.3 157.6 65.4  0.19  8.6 83.1 9.6 
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4.3.7 Relationship among microbial, physical and chemical variables 
Over the 3 d incubation period, rates of microbial respiration were related to the 
availability of labile C (Pearson correlation, R2 = 0.76; Table 4.9) and available P (R2 
= 0.74). In contrast, the concentration of labile N and microbial biomass (C, N and 
P) were not significantly correlated with rates of microbial respiration. Soil pH and 
EC were also significantly correlated with microbial respiration (Pearson correlation, 
R2 = 0.54 and 0.61, respectively; Table 4.9). 
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Table 4.9: Pearson correlation among microbial, chemical and physical variables of 
soil in treatments with and without addition of pyrogenic OM during the 3 d 
incubation. Variables include rate of microbial respiration (Resp), available C and N 
(Labile C, Labile N), available P (BrayP), microbial biomass (MBC, MBN and 
MBP), pH, electrical conductivity (EC) and moisture content (MC). Values indicate 
the strength of the statistical relationship (R2, n = 95) with P value in parentheses. 
Data highlighted in light grey indicates P <0.05 and dark grey indicates P <0.001. 
Data for treatment with sand were not included in this statistical analysis. 
 
Resp 
         
         0.76 Labile 
C    
    
   (<0.001) 
        0.11 -0.05 Labile 
N        (0.29) (0.65) 
       0.74 0.70 0.06 
BrayP 
      (<0.001) (<0.001) (0.59) 
      0.11 0.03 0.20 0.10 
MBC 
     (0.27) (0.78) (0.05) (0.33) 
     0.05 -0.23 0.06 0.02 0.67 
MBN 
    (0.62) (0.03) (0.57) (0.84) (<0.001) 
    0.17 -0.07 0.50 0.20 0.41 0.47 
MBP 
   (0.10) (0.52) (<0.001) (0.06) (<0.001) (<0.001) 
   0.54 0.45 -0.07 0.78 0.07 0.13 0.20 
pH 
  (<0.001) (<0.001) (0.48) (<0.001) (0.49) (0.23) (0.06) 
  0.61 0.68 -0.01 0.92 0.22 0.123 0.24 0.67 
EC 
 (<0.001) (<0.001) (0.89) (<0.001) (0.034) (0.24) (0.02) (<0.001) 
 0.09 0.11 -0.14 0.06 0.64 0.556 0.03 0.06 0.12 
MC 
(0.38) (0.29) (0.17) (0.58) (<0.001) (<0.001) (0.77) (0.55) (0.24) 
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4.4 Discussion  
4.4.1 Pyrogenic organic matter as an input for available C, N and P 
Adding pyrOM to soil at a rate of 5% (of soil dry weight) increased the 
concentration of labile C by 30%, labile N by 7% and available P by 300% at the 
start of the incubation period. This suggests that deposition of pyrOM during 
prescribed burning can increase available forms of C and nutrients in the soil in the 
order of available P > labile C > labile N. This is consistent with studies using other 
types of pyrOM, such as biochar made from woody material, that have been found to 
supply abundant labile C and available P when added to soil (Jones et al. 2011). 
Increases in labile C were also found for wood ash (Jokinen 2006) and a range of 
types of biochar including those made from switch grass (Smith et al. 2010), straw 
(Luo et al. 2011) and a mixture of manure and pine (Kolb et al. 2009). 
Acid-washed sand was used in this incubation to indicate the maximum amount of C 
and nutrients that can be provided by pyrOM. Compared to the unamended soil, 
sand had almost 200% more labile C and 500% more available P after addition of 
pyrOM. Pyrogenic OM produced during prescribed fire represents a potentially rich 
input of C and P for soil microorganisms. However, when compared to 
concentrations of total C and N in pyrOM, the increase in labile C and labile N in 
soil after adding pyrOM represented less than 2% of total C and 3.4% of total N. 
This suggests that the labile component of C and N of pyrOM is relatively small. In 
addition, it is clear that considerable amounts of C, N and P are no longer present in 
an available form once it has been incorporated into soil. There are two possible 
mechanisms causing this discrepancy. Firstly, labile C, N and P provided by pyrOM 
can be chemically stabilised with soil particles. Compounds containing C and P can 
be sorbed onto surfaces of soil particles through ligand exchange or formation of 
polyvalent cation bridge (Guggenberger and Kaiser 2003; Guppy et al. 2005; Lützow 
et al. 2006; Mukherjee et al. 2011; Hiemstra et al. 2013). Pyrogenic OM that is more 
thermally altered such as coal and soot (Cornelissen et al. 2005) and biochar 
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(Dempster et al. 2012) have a high capacity to absorb organic compounds (i.e. labile 
C). Protection of labile C derived from biochar by soil aggregates was confirmed by 
Liang et al. (2010) who found increased proportions of labile C in the organo-
mineral soil fraction. The finest fractions of pyrOM produced during forest fire are 
particularly rich in metal ions (Bodí et al. 2014; Jenkins et al. 2104). Metal ions such 
as Fe2+ and Al3+ can increase the sorption capacity for labile C and P compounds 
when incorporated into soil (Guggenberger and Kaiser 2003; Schulze et al. 2005). 
Secondly, labile C derived from pyrOM can be utilised by soil microorganisms for 
respiration or assimilation (Schimel and Weintraub 2003). Enhanced microbial 
respiration immediately after addition of pyrOM in the current study suggests that a 
substantial amount of labile C is quickly utilised by soil microorganisms as energy 
source via respiration. This was further supported by a strong correlation between 
respiration rate and labile C concentration. However, it is unlikely that labile C from 
pyrOM was utilised for microbial assimilation which immobilised labile C to 
microbial biomass, as there was little change in microbial biomass C over the 
incubation period. Assimilation of C provided by pyrOM is time-dependent and was 
unlikely to occur within the 3 d incubation. Studies using biochar coupled with 
labelled isotopic techniques found that C derived from biochar was only incorporated 
into microbial biomass after incubation of more than a year (Kuzyakov et al. 2009) 
with no incorporation in shorter time periods, such as laboratory incubation for 4 
months (Bruun et al. 2008) or field incubation for 10 months (Singh et al. 2014). 
After fire, an increase in labile C and soil nutrients such as N (mainly inorganic N) 
and P is common (Khanna and Raison 1986; Chambers and Attiwill 1994; Certini 
2005). This study has also shown that pyrOM can increase concentrations of labile C 
and available P in soil but pyrOM only contributed a small amount of labile N. In 
the previous chapter (Chapter 3), it was found that concentrations of inorganic N 
can increase more than two-fold immediately after fire. Nutrient enrichment is 
generally attributed to: (1) volatilisation and transformation of organic matter during 
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soil heating, and/or (2) deposition of pyrOM. Soil used in this incubation study was 
collected before the prescribed burn to remove the effect of soil heating therefore the 
increase in inorganic N after fire is unlikely to be due to the deposition of pyrOM. 
4.4.2 Temporal responses of microbial respiration  
Soil microorganisms can respond to changes in their environment within a very short 
time. This study demonstrated the dynamic nature of microbial responses through 
the rapid utilisation of available C and nutrients immediately after adding pyrOM. 
The most dramatic increase in microbial respiration was during the first day of 
incubation and rates quickly tapered off during the following two days. This pattern 
of increased respiration immediately after addition of pyrOM to soil is similar for 
most other sources of pyrOM including that produced naturally from prescribed 
burning in Eucalyptus forest (Jenkins et al. 2014), laboratory-made pyrOM produced 
from plant material (Kuzyakov et al. 2009; Hilscher et al. 2009; Maestrini et al. 
2014) and biochar produced from various feedstocks (Kolb et al. 2009; Smith et al. 
2010; Luo et al. 2011; Zimmerman et al. 2011). Studies of soil amendments have 
shown that the greatest rate of respiration is immediately after addition of pyrOM 
with rates decreasing either gradually or exponentially over the following weeks and 
months depending on the type of pyrOM used and soil conditions (Maestrini et al. 
2015). The pattern of an immediate increase in respiration is rather rapid compared 
to C added via substrates such as forest litter (Nottingham et al. 2009), and even 
substrates such as glucose, fructose and alanine (Vance and Chapin 2001; Hamer and 
Marschner 2005; Dempster et al. 2012), which are usually associated with a lag 
period of hours to days.  
4.4.3 The role of labile C and P in stimulating microbial respiration 
The magnitude and duration of stimulation of microbial respiration was limited by 
the concentration of labile C such that the timing of the reduction in respiration was 
synchronised with a drop in concentration of labile C. A strong relationship between 
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the rate of microbial respiration and labile C concentration has also been found in 
other studies (e.g. Jones et al. 2011; Luo et al. 2011; Smith et al. 2010) despite the 
use of different types of biochar and soil types. It is possible that labile C provided by 
pyrOM contains at least some compounds that are chemically similar to metabolic 
compounds such as exudates derived from plant roots or soil microorganisms. These 
compounds are low in molecular weight, rich in energy and can therefore be utilised 
within hours.   
An increase in the availability of P provided by pyrOM may have an additive effect 
when combined with increased availability of labile C to further enhance microbial 
respiration. In forest soils, microbial decomposition of C is usually constrained by the 
availability of P as demonstrated by an accelerated rate of microbial respiration after 
addition of P (Cleveland et al. 2002; Lagerström et al. 2009; Nottingham et al. 
2015). In the work of Ehlers et al. (2010), microbial responses—biomass growth and 
rate of respiration—during short incubations were greatest when C, N and P were 
equally available compared to when only C and N was present. In another short-term 
incubation study, Giesler et al. (2012) found a similar pattern of enhanced microbial 
respiration with the addition of P along with substrates containing C and N. The 
rapid response in microbial respiration immediately after addition of pyrOM, as 
compared to other plant residues, is therefore likely to be related to the abundance of 
P in pyrOM. This finding is particularly relevant for Australian forests which have 
soils that are naturally low in available P. 
Availability of N was weakly related to temporal changes in rates of microbial 
respiration. This is possibly due to the relatively small input of N from pyrOM, as 
compared to labile C and P. Despite this, labile N may potentially suppresses 
microbial activity (Thirukkumaran and Parkinson 2000; Bowden et al. 2004; 
Janssens et al. 2010) and it is likely that any negative effect is outweighed by 
microbial responses caused by increased availability of labile C and P.  
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4.4.4 The priming effect 
In this study, the priming effect referred to the additional release of CO2 when 
compared to the sum of CO2 released individually from soil (unamended soil) and 
pyrOM (sand amended with pyrOM). Adding pyrOM produced naturally by a 
prescribed fire caused an apparent priming effect as indicated by an increase in the 
rate of respiration without an appreciable change in microbial biomass over time. 
However, the responses indicating a priming effect varied between sites. 
Relative to the size of the pool of microbial biomass C, the increase in labile C with 
addition of pyrOM in soil was about 30%. It is likely that this increase in labile C 
was only sufficient to stimulate an increase in rate of microbial respiration but was 
insufficient for promoting microbial growth. Microbial growth only occurs when the 
amount of C supplied is greater than the demand for C by the microbial community 
(Blagodatskaya and Kuzyakov 2008). A negative priming effect, which eventually 
occurred in soil from Oliver, indicated stabilisation or exhaustion of the small pool of 
labile C contributed through addition of pyrOM. Stabilisation of this pool would be 
due to immobilisation of C via physical-chemical protection afforded by both soil 
particles and pyrOM (Kuzyakov et al. 2000; Schimel and Weintraub 2003; DeLuca 
and Aplet 2008; Zimmerman et al. 2011). 
The differences in priming effect found for soil from Gravel and Oliver was marked 
even though the soil had similar soil properties and vegetation composition (see 
Chapter 2) and were amended with pyrOM produced under similar condition (i.e. 
prescribed burning conducted under similar weather conditions and within days of 
each other). A meta-analysis based on 18 studies investigating the priming effect 
induced by pyrOM (mostly biochar and laboratory-made pyrOM) also found 
inconsistent patterns of priming effect and pyrOM and/or soil properties (Maestrini 
et al. 2015). This includes adding biochar to soil of different properties such as 
different soil pH (Luo et al. 2011; Smith et al. 2010) and contrasting soil organic C 
content (Kuzyakov et al. 2009, Liang et al. 2010; Zimmerman et al. 2011). The 
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priming effect found for soil incubated with biochar also differed among quality of 
biochar (Hamer et al. 2004; Hilscher et al. 2009; Kuzyakov et al. 2009; Nocentini et 
al. 2010; Zimmerman et al. 2011) and biochar produced at different pyrolysis 
temperatures (Bruun et al. 2008; Luo et al. 2011; Keith et al. 2011; Zimmerman et 
al. 2011).  
The study described here echoes the inconsistency in the priming effect found for 
other forms of pyrOM. In this case, some of the variability may be due to differences 
in the small-scale variation in vegetation composition (Thaxton and Platt 2006) and 
arrangement (Hero et al. 2013). This is regardless of sampling within the same forest 
type and from low intensity prescribed burns. The contrasting priming effect found 
for the two sites are also likely to reflect the variation in one or more of the 
biochemical changes that occur in soil after fire in combination with natural soil 
heterogeneity. 
4.4.5 Other potential influences on microbial responses 
Several factors other than C and nutrient availability have been proposed to influence 
microbial responses after addition of pyrOM and may have been at play in this study. 
Firstly, addition of pyrOM increased soil pH and was moderately correlated with rate 
of microbial respiration. Increased soil pH has been associated with increase 
microbial respiration or growth after slash burning (Bååth and Arnebrant 1994; 
Grogan et al. 2000), application of wood ash (Jokinen et al. 2006) or after adding 
biochar to soil (Luo et al. 2011; Maestrini et al. 2015). Increased pH induced by 
pyrOM can affect microbial activity by shifting pH from optimal conditions for 
enzyme activity (Aciego Pietri and Brookes 2008; Rousk et al. 2010) or increasing the 
solubility of labile C and P (Raison 1979; Guppy et al. 2005). In this study, soil pH 
was also correlated with concentration of labile C and available P, but there was no 
correlation with microbial biomass. This indicates that the increase in pH after 
adding pyrOM to soil may have facilitated the release of C and P (Macadam 1987) 
and indirectly contributed to the apparent priming effect. 
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Microbial respiration is highly dependent on soil moisture (Davidson et al. 1998; 
Luo and Zhou 2010). The lack of influence of soil moisture on microbial respiration, 
labile C and nutrient availability in this study was unexpected. It is possible that the 
two levels of moisture content used were not disparate enough to significantly 
influence soil respiration. Wickland and Neff (2008) showed that, unless soil 
moisture content was very low (e.g. 2% saturation), there was no effect on microbial 
respiration and the range between 25–75% saturation did not affect mineralisation of 
C. Soil moisture content was reasonably well correlated with microbial biomass but it 
is possible that the effect of moisture content on microbial respiration was 
outweighed by the pronounced stimulation caused by labile C and available P as 
found in Chapter 3. 
Mechanical disturbances introduced by laboratory procedures such as mixing 
(Kuzyakov et al. 2009) or re-wetting (Fierer and Schimel 2003; Zimmerman et al. 
2011) may have causes changes in fluxes of C during the initial incubation period. 
However, in this study, the unamended soil and sand experienced the same level of 
disturbance as the treatment with pyrOM. Any CO2 released as an artefact caused by 
laboratory procedures was therefore comparable among treatments and were minimal 
considering low rates of respiration measured for unamended soil and sand. 
4.4.6 Respiration associated with sand amendment 
Sand amended with pyrOM showed a consistently greater rate of microbial 
respiration than the unamended soil during the 3 d incubation. Under similar 
circumstances, a substantial amount of CO2 was also released when biochar was 
incubated with sand (Hamer et al. 2004; Zimmerman 2010). By comparing CO2 
released from biochar treated with and without soil sterilisation, Zimmerman (2010) 
confirmed that both microbial activity and abiotic processes contributed to the 
amount of CO2 released. In the treatment of pyrOM with sand in this study, there 
was a second peak in respiration approximately 20 h after amendment. Microbial 
biomass in sand at the start of incubation (0 d) was 85 mg MBC g soil-1, representing 
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a much smaller microbial population compared to that found in soil (ranging 420—
541 mg MBC g soil-1 from soil treatments with or without pyrOM). An increase in 
microbial biomass can result when labile C supply is sufficient (Kuzyakov et al. 2000; 
Blagodatskaya and Kuzyakov 2008). The amount of labile C provided as pyrOM was 
potentially sufficient to promote an increase in microbial biomass in the sand 
treatment but was insufficient to support the larger microbial population in the soil 
treatments. An increase in microbial biomass N further supports the potential for 
pyrOM to prime microbial growth. Microbial biomass N was close to zero at the 
start of the incubation but reached a maximum of about 10 μg N g soil-1. This 
translated to a change in the ratio of microbial biomass C:N from greater than 
1000:1 to about 10:1. This ratio of 10:1 is comparable with microbial C:N 
previously reported (Vance and Chapin 2001; Cleveland and Liptzin 2007). In 
addition to providing readily available C and nutrients for microbial growth, the 
pyrOM is likely to have been a source of colonising microbes (Pietikäinen et al. 
2000). Although changes in available N were relatively small after addition of 
pyrOM, it was great enough to indicate that pyrOM produced from prescribed 
burning was able to support microbial activities. 
This study highlights the importance of pyrOM in fire-prone temperate forest 
ecosystems. Firstly, pyrOM produced during prescribed burning is an important 
source of labile C and P, the availability of which depends on soil characteristics (i.e. 
sorption capacity). Secondly, labile C and P from pyrOM is rapidly consumed by soil 
microorganisms and the depletion of labile C and P is strongly related to short-term 
(i.e. 3 d) changes in rate of microbial respiration. In the next chapter, microbial 
respiration is investigated over a longer incubation period and with a greater range of 
variation in pyrOM to determine what happens to C held as pyrOM after the initial 
increase in respiration, and the role of quality and quantity of pyrOM in microbial 
responses. 
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Chapter 5:  
Variation in carbon balance with 
changing quality and quantity of 
pyrogenic organic matter 
5.1 Introduction  
An average area of 3.7 million km2 is burned globally by vegetation fires every year 
(Giglio et al. 2010). Based on a climate change scenario of increasing average 
temperature and declining precipitation, especially in southern Australia, it is 
predicted that fire regimes will be altered with more frequent and severe bushfires 
(Cary et al. 2012; CSIRO and Bureau of Meteorology 2015). In response to an 
increased risk of fire with climate change, land managers are likely to increase the use 
of prescribed burning for fuel reduction which will translate as more frequent but low 
intensity fires (York et al. 2012). 
Carbon (C) storage in terrestrial ecosystems is a function of inputs and losses and this 
balance is highly dependent on the fire regime (Williams et al. 2012). Pyrogenic 
organic matter (pyrOM) has been identified as a significant pool of soil C for long-
term storage (Preston and Schmidt 2006; Deluca and Aplet 2008; Lehmann et al. 
2008; Ohlson et al. 2009; Adams 2013; Jenkins et al. 2014). This is due to fires 
producing large quantities of C-rich pyrOM which is highly recalcitrant and can 
potentially persist in the environment for centuries (Liang et al. 2008; Schmidt et al. 
2011; Schneider et al. 2011). However, an increasing body of evidence suggests that 
some components of pyrOM may be easily accessed by microbial decomposition 
(Kuzyahov et al. 2009; Zimmerman et al. 2011; Jenkins et al. 2014; Singh et al. 
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2014; Chapter 4) thus reducing the capacity of pyrOM as a form of long-term C 
storage.  
This chapter will investigate the potential for C storage in the pyrOM-soil system. A 
long-term incubation study is presented to complement the short-term incubation 
study described in Chapter 4, which found that microbial respiration was stimulated 
after addition of pyrOM to soil. The combination of varying quality (i.e. different 
size fractions) and quantity (i.e. amount) of pyrOM is used to explore how 
heterogeneity of pyrOM produced during prescribed fire can contribute to long-term 
changes soil C pools. 
5.1.1 Relationship between quality and size of pyrogenic organic matter 
Pyrogenic OM produced during prescribed burning is highly diverse in size and 
chemical composition. It ranges in size from fine particulate matter (diameter <2.5 
µm) to coarse material (partially burnt plant material) that is similar in size to the 
original plant material such as charred leaves and twigs. The size of pyrOM is a 
function of the fuel (e.g. fuel load and fuel type) and burning conditions (e.g. 
temperature and duration; Raison 1979; Umbanhowar and McGrath 1998; Enache 
and Cumming 2006; Bodí et al. 2014). Combustion temperature is of primary 
importance for determining the particle size of pyrOM. Regardless of fuel type, a 
high combustion temperature promotes fragmentation of biomass and tends to 
produce pyrOM of smaller particle size (Umbanhowar and McGrath 1998; Jones 
and Chaloner 1991; Balfour and Wood 2013). An unequivocal example was 
provided by Balfour and Wood (2013) who showed that the median particle size of 
pyrOM produced from a mixture of needles and branches of pine combusted at 
temperatures ranging from 300–700 °C decreased from 156 µm to 45 µm as burning 
temperature increased. Using scanning electron microscopy, the authors found that 
high temperatures caused plant material to breakdown at the cellular level. Structural 
changes in the cell wall of wood begins at temperatures around 230 °C followed by 
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cracking of the cell wall at 340 °C and complete combustion of biomass occurs at 
600 °C (Jones and Chaloner 1991). 
The type of fuel (e.g. grass, leaves, woody plant material) can also influence the 
particle size of pyrOM. Differences in the structure of plant tissues, such as the 
orientation of fibres and veins, may contribute to different resistance to structural 
breakage during combustion (Enache and Cumming 2006). For example, the particle 
size of pyrOM produced from lignin-rich plant material such as bark tends to be 
coarse as it can tolerate temperatures up to 900 °C (Enache and Cumming 2006). In 
contrast, grasses with low lignin content have a lower tolerance to temperature 
(Enache and Cumming 2006). Umbanhowar and McGrath (1998) studied the 
relationship between temperature and morphological difference among fuel types by 
burning grass, leaves and wood at temperatures from 300–500 °C in a muffle 
furnace. At 500 °C, grass and leaf material were fully combusted and were reduced to 
fine ash, while wood biomass remained as large fragments of charcoal. 
As a consequence, pyrOM can be grouped into size fractions which usually have 
similar characteristics and chemical properties (Table 5.1). Studies using pyrOM 
produced naturally from prescribed burning (Jenkins et al. 2014), slash burning 
(Rumpel et al. 2007) and wildfire (Nocentini et al. 2010a) all found greater 
concentrations of total C in the coarsest fraction compared to the finest fraction. 
However, concentrations of total N were similar or only slightly greater in coarsest 
fraction of pyrOM (Rumpel et al. 2007; Nocentini et al. 2010a; Jenkins et al. 2014). 
Concentration of cations such as Ca, Mg, K and Al increased with decreasing size 
fractions (Jenkins et al. 2014). Consequently, production and deposition of finer 
fractions of pyrOM on soil may represent greater nutrient input to the soil compared 
to coarse pyrOM but with addition of lower concentrations of C. 
The chemical reactivity of pyrOM may also differ among size fractions, potentially 
due to differences in surface area and surface chemistry (Sohi et al. 2010; Bruun et al. 
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2012), as well as C and nutrient content (Nocentini et al. 2010a; Jenkins et al. 2014). 
For example, fine fractions of pyrOM were found to be more susceptible to acid 
oxidation (Nocentini et al. 2010a). Jenkins et al. (2014) found greater microbial 
response after adding fine pyrOM to soil compared to addition of larger fractions. As 
such, there is considerable variation in characteristics of pyrOM along a size 
spectrum. To better understand the effects that pyrOM may have on belowground C 
processes, it is necessary to investigate the nature and reactivity of different size 
fractions. 
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Table 5.1: The relationship between relative size, physical properties and chemical characteristics of 
pyrogenic organic matter.  
Characteristic Fine fraction Coarse fraction Reference 
Colour White-grey Shiny black 2, 6 
Source (i.e. precursor material) Needle fragments Woody material/bark 1 
Burning temperature High Low 6 
Remnants of original plant structures Abundant Few 4 
Degree of charring Low High 3 
Reactivity More reactive Less reactive 1 
Ash content High Low 1, 5 
Oxidation resistance Low High 3 
Acidity (pH) High  Low  2 
Stimulation of microbial activity High Low 2 
C content Low High *, 1, 2 
N content Low or similar High or similar *, 1, 2, 3 
C:N ratio Low High *, 1, 2 
C:H ratio High Low 1, 3 
O to C ratio Higher O/C ratio lower O/C ratio 3 
Calcium High Low  2 
Magnesium High Low 2 
Potassium High Low 2 
Aluminium High Low 2 
Sulphur High Low 2 
Manganese High Low 2 
Sugar/phenol compounds Moderate abundance Low abundance 1, 3 
Lignin compounds Low abundance Mid to high abundance 3 
Lipid/protein/fatty acid compounds Likely to be present Not detected 3 
1 - Nocentini et al. (2010), four fractions <2 mm produced from wildfire 
2 - Jenkins et al. (2014), five fractions <9 mm produced from prescribed burning 
3 - Rumpel et al. (2007), two fractions either <2 or >2 mm produced from slash-burning 
4 - Masiello (2004) 
5 - Bodí et al. (2014) 
6 - Balfour and Woods (2013) 
* - Chapter 2, three fractions <9 mm produced from prescribed burning 
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5.1.2 Quantity of pyrogenic organic matter 
The amount of pyrOM produced largely depends on the type of fire and vegetation 
involved (Certini 2005). High intensity wildfire can produce considerable amounts 
of fine pyrOM (mainly ash; <2 mm), while low intensity fire such as prescribed 
burning produces greater amounts of coarse and partially burnt plant material (Bodí 
et al. 2014). Production of pyrOM varies among vegetation type due to different 
combustion characteristics of the fuel and variations in fuel structure. In a review of 
the production of pyrOM, Forbes et al. (2006) showed that yields of pyrOM were 
less than 0.1 t ha-1 for fires involving tropical grasses but were up to 30 t ha-1 for 
forest fires. The pattern of deposition of pyrOM on soil surfaces is spatially variable 
within a fire. Logically, greater amounts of pyrOM are produced in patches that have 
greater amount of aboveground litter as there is a greater fuel load for combustion. 
Sass and Kloss (2014) found that the amount of pyrOM recovered from historical 
fires (i.e. as charcoal) was highly variable at the decimetre scale (using 20 × 20 cm 
plots). High spatial variation in the deposition of pyrOM was also detected in this 
study (Chapter 2) with pyrOM of less than 9 mm ranging from 67–1248 g m2 at the 
plot scale (using 25 m diameter plots).  
Variations in the quality and quantity of pyrOM deposited on the soil surface can 
have both positive and negative ecological impacts. Nutrient-rich pyrOM may 
increase soil fertility for biomass production (Humphreys and Lambert 1965; 
Khanna et al. 1994; Adams and Atwiil 1991; Chambers and Attiwill 1994) and 
enhance seed germination (Bradstock and Auld 1995), however, ash can also inhibit 
seed germination in some species (Reyes and Casal 2004). From a hydrological point 
of view, pyrOM can act as a mulch-like layer which helps in retaining water (León et 
al. 2013), while excessive amount of pyrOM can cause contamination of runoff water 
(Cannon et al. 2001). Deposition of pyrOM can also influence soil microorganisms. 
For example, pyrOM can act as habitat for microorganisms due to high porosity 
(Zackrisson et al. 1996), but it can also inhibit microbial activity due to changes in 
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soil pH (Ohno and Erich 1990; Bååth and Arnebrant 1994) and presence of phenolic 
compounds (Certini 2005). 
In terms of soil C storage, deposition of pyrOM can potentially increase C input to 
the soil, however, pyrOM can also enhance C loss from primed microbial respiration 
(Chapter 4). Together with varying chemical properties among size fractions of 
pyrOM, there is large degree of uncertainty associated with the effect of pyrOM on 
soil C cycling. 
5.1.3 Aim 
The aim of this chapter was to investigate the potential of pyrOM as a form of long-
term C storage. Deposition of C as pyrOM represents a significant input of C to the 
soil (Chapter 2), whereas stimulation of microbial respiration (see Chapter 4) 
represents potential C loss. This chapter therefore aims to investigate long-term 
patterns of microbial respiration after addition of pyrOM. The same incubation 
design was replicated using five sites to capture the breadth of spatial variation in 
pyrOM. Specific research questions addressed in this study included:  
(1) How long does increased soil respiration persist after addition of pyrOM? 
(2) How does microbial response vary with addition of pyrOM of different quality 
(C:N ratio and C content) and quantity? 
(3) Can C input from pyrOM outweigh C loss via stimulated microbial response? 
5.2 Materials and methods 
5.2.1 Collection of soil and pyrogenic material 
Soil and pyrOM were collected from five sites located near Orbost (Frogs Hollow, 
Pettmans, South Boundary, Sandy Point and Upper Tambo) within 1 week after 
prescribed fire. Part of the aboveground litter was removed prior to prescribed 
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burning during pre-fire sampling and these patches (1 × 1 m2) were not burnt and 
were readily identifiable as ‘unburnt’ soil. Soil was collected from unburnt patches at 
0–10 cm depth. The sampling scheme used (three plots at each site) was the same as 
previously described (see Chapter 2). Soil was sieved to <2 mm and stored in sealed 
bag at 4 °C until required. Pyrogenic OM was collected from the same sites as soil 
samples as described in Chapter 2. Samples were oven-dried at 70 °C for 3 d and 
sieved to different three size fractions (<1 mm, 1–4.75 mm and 4.75–9 mm). Two 
size fractions (<1 mm and 1–4.75 mm) were selected for soil amendment in the 
following soil incubations. 
5.2.2 Soil incubation with pyrogenic organic matter 
Soil collected from unburnt patches was used to minimise the inclusion of pyrOM 
produced during the prescribed burn. As such, the chemical characteristics of soil and 
pyrOM are shown in Table 5.2. For each plot (n = 3 per site), bulked fresh soil was 
divided into four sets of 80 g (dry weight-equivalent) and placed in separate plastic 
trays. Pyrogenic OM of varying size fractions (<1 or 1–4.75 mm) and amount (2.5% 
or 5% of soil dry weight) was added to the respective soil in a fully factorial design 
(Table 5.3). An unamended sample (Control) for each plot per site was also included 
using 80 g soil (dry weight-equivalent) without addition of pyrOM. The amendment 
rates were based on a previous study conducted by Jenkins et al. (2014) as a guide 
and for comparative purposes. The amounts of C (mg C g soil-1) added to soil as 
pyrOM are presented in Table 5.4. 
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Table 5.2: Proportion of C and N in soil and the two size fractions (<1 mm and 1–
4.75 mm) of pyrogenic organic matter (pyrOM) used in incubations. Values represent 
mean (n = 3) with standard deviation in parentheses. Comparisons among sites were 
done using one-way ANOVA and Tukey’s post-hoc test; different letters indicate 
significant differences among sites at α = 0.05.  
 Site %C %N C:N 
Soil Frogs Hollow 5.36 (0.63)a 0.13 (0.03)a 42.71 (4.15)a 
 Pettmans 5.45 (0.55)ab 0.16 (0.02)a 34.10 (1.39)ab 
 South Boundary 5.79 (0.75)ab 0.19 (0.01)a 30.94 (2.80)ab 
 Sandy Point 8.18 (0.23)b 0.34 (0.01)b 24.28 (1.50)b 
 Upper Tambo 7.54 (1.05)ab 0.28 (0.06)ab 27.79 (3.05)ab 
     
PyrOM  Frogs Hollow 25.36 (4.59)a 0.69 (0.10)a 36.88 (5.18)a 
<1 mm Pettmans 23.07 (6.01)ab 0.63 (0.25)a 38.11 (5.10)a 
 South Boundary 25.08 (5.94)a 0.87 (0.05)a 28.59 (5.30)ab 
 Sandy Point 11.10 (0.08)b 0.54 (0.08)a 20.93 (3.03)b 
 Upper Tambo 18.97 (4.94)ab 0.73 (0.28)a 27.24 (4.65)ab 
     
PyrOM  Frogs Hollow 50.10 (3.09)a 0.98 (0.15)a 51.66 (5.58)a 
1–4.75 mm Pettmans 49.99 (4.26)a 1.00 (0.11)a 50.78 (9.47)a 
 South Boundary 50.61 (0.92)a 1.21 (0.15)a 42.34 (5.47)a 
 Sandy Point 35.94 (0.15)b 0.91 (0.19)a 40.48 (8.41) a 
 Upper Tambo 43.14 (6.76) ab 0.89 (0.31)a 51.52 (17.44)a 
 
Table 5.3: Details of treatments with and without (Control) 
pyrogenic organic matter (pyrOM) amendment. The rate of 
amendment (%) with pyrOM was based on soil dry weight. 
 PyrOM added per gram of soil 
Treatment Size fraction Amount  
Fine 2 g <1 mm 2 g (2.5%) 
Fine 4 g <1 mm 4 g (5%) 
Coarse 2 g 1–4.75 mm 2 g (2.5%) 
Coarse 4 g 1–4.75 mm 4 g (5%) 
Control None None 
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Table 5.4: Amount of total C (mg C g soil-1) added as pyrogenic organic matter to soil for each 
treatment. Values represent mean (n = 3) with standard deviation in parentheses. 
Treatment 
Frogs 
Hollow Pettmans 
South 
Boundary 
Sandy 
Point 
Upper 
Tambo 
Fine 2 g 6.34 (1.15) 5.77 (1.50) 6.27 (1.49) 2.77 (0.02) 4.74 (1.24) 
Fine 4 g 12.68 (2.29) 11.54 (3.00) 12.54 (2.97) 5.55 (0.04) 9.49 (2.47) 
Coarse 2 g 12.53 (0.77) 12.50 (1.07) 12.65 (0.23) 8.99 (0.04) 10.78 (1.69) 
Coarse 4 g 25.05 (1.54) 25.00 (2.13) 25.30 (0.46) 17.97 (0.07) 21.57 (3.38) 
 
5.2.3 Microbial respiration and cumulative CO2-C released 
The gravimetric moisture content of all soil was standardised to 21% by spraying 
with deionised water and gently mixing before packing the soil into polycarbonate 
incubation chambers (see Chapter 3) and allowed to stand for at least 2 h prior to the 
first measurement. Soil chambers were then placed in a water bath at 20 °C and 
allowed to equilibrate for at least 30 min prior to measurement of microbial 
respiration. Microbial respiration was measured at 2 h then at 1, 3, 8, 15, 23, 30, 45, 
59 and 86 d. Soil moisture was monitored at least 24 h prior to respiration 
measurements by weight loss. Water was added to maintain moisture content when 
required.  
5.2.4 Statistical analysis  
A linear mixed model (LMM) was used to determine the overall effect of site, 
incubation time (Time) and treatment. Each analysis consisted of fixed factors of 
Site, Time, Treatment and their interactions, and the random factor of sample and 
their interaction with Time. Where P value of the fixed factor is significant at α = 
0.05, multiple pairwise comparisons of the marginal means calculated at each level 
were performed with the Bonferroni correction. The effect of pyrOM treatments 
(size and amount) on rate of microbial respiration at individual day of measurement 
and cumulative CO2 released at the end of incubation were analysed using two-way 
ANOVA with a significance level of α = 0.05 and mean values were compared using 
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Tukey’s post-hoc test. Data for microbial respiration was log-transformed to achieve 
homogeneity. All statistical analysis was done using IBM SPSS Statistics 22 (IBM, 
United States). 
5.3 Results  
5.3.1 Microbial respiration 
For all sites, rates of microbial respiration in soil amended with pyrOM were greatest 
initially (0 d) and declined over the incubation period (Figure 5.1). This decline was 
highly significant (LMM, P <0.001; Table 5.5). During the 86 d incubation, rates of 
microbial respiration ranged between 0.2 and 81.4 µg CO2-C g soil-1 h-1 and overall, 
microbial respiration varied significantly among sites (LMM, P <0.001; Table 5.5). 
This was due to a consistently lower rate of respiration for soil from Frogs Hollow 
(multipe pairwise comparisons). There were significant treatment effects (LMM, P 
<0.001) such that respiration rate increase with the amount of pyrOM added 
(Control < 2 g < 4 g; multiple pairwise comparisons) but there were no significant 
difference between size fractions (fine and coarse; multiple pairwise comparisons). 
The decline in rate of respiration over time varied among sites and treatments, as 
indicated by strong interaction terms (Table 5.5). 
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Figure 5.1: Rates of microbial respiration for unamended soil (Control) and soil 
incubated with pyrogenic organic matter of two size fractions (fine and coarse) and 
at two amendment rates (2 g and 4 g) for sites near Orbost (a) Frogs Hollow, (b) 
Pettmans, (c) South Boundary, (d) Sandy Point, and (e) Upper Tambo. Bars 
represent mean values (n = 3) and error bars are standard deviation. Note that the 
scales for vertical axes (rate of microbial respiration) are different among graphs. 
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In the previous chapter (Chapter 4), microbial respiration of soil amended with pyrOM 
remained greater than the unamended soil until the end of the short-term (3 d) 
incubation. In this experiment, the increased respiration after addition of pyrOM lasted 
from between 15 d until the end of 86 d incubation depending on the treatment and site 
(Figure 5.1 and Table 5.6). Soil from Sandy Point had the shortest duration of enhanced 
respiration (8 d) while soil from Pettmans had the longest duration of enhanced 
respiration (86 d).  
At 0 d (2 h) when respiration was greatest (ranging from 2–81 mg CO2-C g soil-1 h-1; 
Figure 5.1), rates of microbial respiration were significantly affected by both the size and 
amount of pyrOM added (two-way ANOVA; Table 5.6). For soil from all individual 
sites (except South Boundary), adding fine pyrOM to soil increased the rate of microbial 
respiration more than addition of coarse pyrOM (two-way ANOVA, P = 0.021, 0.008, 
Table 5.5: Linear mixed model for the main factors (Site, Time and Treatment) and 
the associated interaction of rate of microbial respiration measured from soil incubated 
with pyrogenic organic matter (of two size fractions and at two amendment rates) and 
the unamended soil (Control) over the 86 d. Data for the five sites were combined for 
analysis (Frogs Hollow, Pettmans, South Boundary, Sandy Point and Upper Tambo), 
three plots were included for each site. Cases where P <0.05 are indicated in bold. 
Fixed effect Degrees of 
freedom 
Denominator 
degrees of 
freedom 
Wald F 
statistic 
P value 
Site 4 488.19 54.01 <0.001 
Time 9 487.97 265.22 <0.001 
Treatment 4 488.19 70.31 <0.001 
Site × Time 36 487.97 1.67 0.010 
Site × Treatment 16 488.12 2.98 <0.001 
Treatment × Time 36 487.97 8.75 <0.001 
Site × Time × Treatment 144 487.97 0.76 0.974 
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0.128, <0.001 and 0.007 for Frogs Hollow, Pettmans, South Boundary, Sandy Point 
and Upper Tambo, respectively). The greatest stimulation of respiration was found for 
soil from South Boundary after adding 4 g of fine pyrOM with rates of respiration more 
than 10 times greater than unamended soil. Regardless of amount, addition of the coarse 
fraction of pyrOM to soil increased rates of respiration two to four times more than 
unamended soil. South Boundary was the only site that showed no difference between 
size fractions (two-way ANOVA, P = 0.128). The amendment rate of pyrOM was 
significant for all sites (two-way ANOVA, P <0.001; Table 5.6). Regardless of size 
fraction (fine or coarse), soil amended with a larger amount of pyrOM resulted in a 
significantly greater rate of respiration (ranging from 12–45 µg CO2-C g soil-1 h-1), 
followed by the treatment with the lower amount of pyrOM added (ranging from 9–25 
µg CO2-C g soil-1 h-1) and unamended soil (ranging from 2–5 µg CO2-C g soil-1 h-1).  
After 1 d, rates of respiration were not significantly different between size fractions for all 
sites and at all time (two-way ANOVA; Table 5.6). The effect of amendment amount, 
however, was significant for all sites and persisted for varying times up to 86 d (two-way 
ANOVA; Table 5.6). 
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Table 5.6: The effect of pyrogenic organic matter amendment on rate of microbial respiration with size fraction (fine and coarse) and 
amount (unamended (Control), 2 g, 4 g). Rates of respiration were compared for each day of measurement using two-way ANOVA. 
Data shown are P values, cases where P <0.05 are highlighted in bold. 
Site Factor 2 h 1 d 3 d 8 d 15 d 23 d 30 d 45 d 59 d 86 d 
Frogs Hollow Size 0.021 0.444 0.456 0.793 0.370 0.590 0.265 0.699 0.321 0.852 
 Amount <0.001 <0.001 <0.001 <0.001 0.011 <0.001 0.016 0.165 0.025 0.171 
 Size × Amount 0.197 0.855 0.578 0.575 0.674 0.318 0.499 0.858 0.179 0.601 
  
         
 
Pettmans Size 0.008 0.167 0.156 0.264 0.437 0.825 0.817 0.643 0.599 0.029 
 Amount <0.001 <0.001 <0.001 <0.001 <0.001 0.055 0.077 0.281 0.033 0.005 
 Size × Amount 0.079 0.594 0.562 0.713 0.614 0.975 0.883 0.759 0.880 0.019 
            
South Boundary Size 0.128 0.635 0.854 0.899 0.284 0.497 0.720 0.590 0.577 0.348 
 Amount <0.001 0.002 <0.001 0.006 0.027 0.390 0.420 0.244 0.617 0.581 
 Size × Amount 0.199 0.411 0.913 0.245 0.278 0.843 0.964 0.908 0.647 0.666 
            
Sandy Point Size <0.001 0.320 0.669 0.298 0.617 0.753 0.153 0.422 0.821 0.305 
 Amount <0.001 <0.001 0.061 0.003 0.052 0.751 0.815 0.653 0.851 0.134 
 Size × Amount 0.005 0.768 0.933 0.295 0.722 0.287 0.468 0.839 0.949 0.415 
            
Upper Tambo Size 0.007 0.958 0.779 0.811 0.464 0.682 0.961 0.100 0.471 0.154 
 Amount <0.001 <0.001 0.001 0.021 0.003 0.106 0.023 0.007 0.219 0.455 
 Size × Amount 0.105 0.948 0.945 0.760 0.788 0.930 0.901 0.329 0.742 0.468 
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5.3.2 Cumulative CO2-C released 
At the end of the 86 d incubation the cumulative amount of CO2-C released from 
unamended soil (Control) ranged from 3–8 mg CO2-C g soil-1 among sites (Figure 
5.2). For soil amended with pyrOM, the cumulative amount of CO2-C released 
ranged from 3–12 mg CO2-C g soil-1 among sites and treatments. For soil from Frogs 
Hollow, Pettmans and Upper Tambo, the cumulative amount of CO2-C released 
increased with amendment rate (two-way ANOVA, P <0.001 for Frogs Hollow, and 
Pettmans and P = 0.025 for Upper Tambo; Table 5.7). Adding 4 g of pyrOM 
increased the cumulative CO2-C released by 55%, 81% and 21% (for soil from Frogs 
Hollow, Pettmans and Upper Tambo, respectively) as compared to the unamended 
soil (Control). Consistent with the trend for rate of respiration, the effect of size 
fraction (fine and coarse) was not significantly different for all sites (two-way 
ANOVA; Table 5.7) and there was no significant interaction between the effect of 
size fraction and amount of pyrOM added (Table 5.7).  
 
Figure 5.2: Cumulative CO2-C released at the end of 86 d incubation from soil 
amended with pyrogenic organic matter of different size (fine and coarse) and 
amount (unamended (Control), 2 g and 4 g). Bars represent mean values (n = 3) and 
error bars are standard deviation. 
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Table 5.7: The effect of pyrogenic organic matter amendment on rate of cumulative 
CO2-C released at the end of 86 d incubation with size fraction (fine and coarse) and 
amount (unamended (Control), 2 g, 4 g) using two-way ANOVA (P values are 
provided). Cases where P <0.05 are highlighted in bold. 
 Degrees 
of 
freedom 
Frogs 
Hollow Pettmans 
South 
Boundary 
Sandy  
Point 
Upper 
Tambo 
Size 1 0.694 0.425 0.287 0.548 0.271 
Amount 2 <0.001 <0.001 0.069 0.318 0.025 
Size × Amount 2 0.180 0.792 0.417 0.870 0.538 
 
5.3.3 Balance between C added and C respired 
Concentrations of C associated with the coarse fraction of pyrOM (ranging from 11–
25 %C, Table 5.2) were at least two-fold greater than that of the fine fraction 
(ranging from 36–50 %C). The C input to the soil from addition of pyrOM was 
nearly five-fold greater for the larger amount (4 g) of the coarse fraction (ranging 
from 18–25 mg C g soil-1, Table 5.4) compared to the lower amount (2 g) of the fine 
fraction (ranging from 3–6 mg C g soil-1, Table 5.4). After correcting for the CO2 
released from the unamended soil, the net cumulative amount of CO2-C released per 
g of C added varied greatly and ranged between -1 and 6 mg CO2-C g soil-1 (Figure 
5.3), which was equivalent to loss of up to 30% of the C added (Table 5.8). Overall, 
after 86 d of incubation and across all treatments with addition of pyrOM, the 
proportion of C remaining in the pyrOM-soil system ranged between 81% 
(Pettmans) and 97% (Sandy Point) of the initial C added (see Table 5.1). 
Nevertheless, with reference to the amount of C added via pyrOM amendment, all 
treatments with addition of pyrOM resulted in a net gain of C such that the pyrOM 
amendment added more C to the soil than was C lost via microbial respiration 
during the incubation period (Figure 5.3). 
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Table 5.8: The proportion (%) of net C respired per g of C added as pyrogenic organic 
matter after 86 d of incubation among treatments and sites. Values represent mean (n = 3) 
with standard deviation in parentheses. 
Treatment Frogs 
Hollow 
Pettmans South 
Boundary 
Sandy 
Point 
Upper 
Tambo 
Fine 2 g 13.9 (1.0) 18.3 (9.0) 19.3 (8.1) -13.5 (21.9) -1.6 (15.2) 
Fine 4 g 12.8 (1.8) 29.9 (12.6) 28.7 (20.8) 12.5 (23.3) 13.6 (14.9) 
Coarse 2 g 3.4 (5.8) 11.4 (12.2) 7.3 (8.0) 1.4 (4.6) 6.3 (3.1) 
Coarse 4 g 8.0 (1.8) 16.3 (1.5) 4.3 (9.5) 13.6 (12.2) 6.5 (4.5) 
 
 
 
Figure 5.3: Relationship between the amounts of total carbon (C) added from 
pyrogenic organic matter (pyrOM) and additional cumulative CO2-C released (i.e. 
soil amended with pyrOM minus unamended (Control) soil) at the end of 86 d 
incubation. The dashed line represents a 1:1 ratio between C added and net C 
respired.   
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5.4 Discussion 
In this study, soil variability combined with the variability of the quality of pyrOM 
produced during prescribed burning contributed to microbial responses ranging from 
no response to positive stimulation of respiration. More importantly, from the point 
of view of C storage, the loss of C was outweighed by inputs of C indicating that 
pyrOM contributes to a net gain in the soil C pool in most soils. This was despite the 
increase in loss of C as CO2 through microbial respiration being dependent on 
amendment rate. 
5.4.1 Respiration rate beyond the short-term incubation  
Adding pyrOM to soil contributed to similar patterns of enhanced microbial 
respiration during the 86 d incubation for all amended soils but the magnitude and 
duration of microbial response varied among sites and treatments. The pattern of an 
immediate and rapid increase in respiration after amendment with pyrOM was 
consistent with the results from the study presented previously (Chapter 4), as well as 
most other studies that have incubated soil with pyrOM (such as Smith et al. 2010; 
Luo et al. 2011; Jones et al. 2011; Bruun et al. 2012; Malghani et al. 2013; Jenkins et 
al. 2014; Maestrini et al. 2014). In agreement with other incubation studies using 
biochar or wood ash, enhanced microbial respiration is likely to be caused by the 
increased concentration of labile C (Jokinen et al. 2006, Bell and Worrall 2011; 
Cross and Sohi 2011) and nutrients (Humphrey and Lambert 1965; Adams and 
Attiwill 1986; Khanna and Raison 1986; Demeyer et al. 2001; Hiemstra et al. 2013) 
introduced with the addition of pyrOM. The decrease in respiration over time is 
likely to be related to the depletion of labile C and available P either through 
microbial consumption (Chapter 4) or sorption with soil particles (Sollin et al. 1996; 
Cross and Sohi 2011; Zimmerman et al. 2011). 
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5.4.2 Does the size of pyrOM matter? 
Fine pyrogenic OM generally stimulates a greater response from soil microbes due to 
higher concentrations of C and other nutrients (see Table 5.1). In this study, the 
coarse size fraction of pyrOM (1–4.75 mm) had greater concentrations of total C and 
total N (almost double) and a greater C:N ratio than the fine (<1 mm) size fraction. 
Despite differences in these chemical characteristics, the effect of size fraction on rate 
of microbial respiration lasted for less than 1 d. Findings from the previous short-
term incubation (Chapter 4) showed that microbial response was strongly related to 
the availability of labile C and P. Potentially, availability of labile C and other 
nutrients have greater influence on microbial response than the total C and N 
content of pyrOM. In addition, the small difference in microbial response between 
pyrOM of different size fractions may indicate that there were only marginal 
differences in labile C and nutrients between the two size fractions.  
In comparison to other studies, the short duration (less than 1 d) of increase in rates 
of microbial respiration due to different size fractions of pyrOM was unexpected. In 
the work of Jenkins et al. (2014), stimulation of microbial respiration in response to 
adding fine pyrOM (<1 mm) was greater than other larger size fractions throughout 
their 55 d incubation period. Despite the location of sites, vegetation type and 
experimental set up being similar between this study and that of Jenkins et al (2014), 
the chemical characteristics of the soil and pyrOM used were different. For example, 
both the soil and pyrOM used in this study had two-fold greater concentrations of C 
and N compared to Jenkins et al. (2014). Soil characteristics can contribute to the 
presence of different microbial communities, particularly in terms of composition 
and function (Waldrop et al. 2000; Berthrong et al. 2013). 
The effect of size fraction lasted for less than 1 d in this study. Together with the 
findings from the previous short-term incubation (Chapter 4), this indicates that for 
properties that trigger a microbial response such as labile C and nutrients such as P, 
Ca and Mg (Jenkins et al. 2014), potentially there were only marginal differences 
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between the two size fractions and any additional C or nutrients were consumed 
rapidly. In other words, the ability of pyrOM to stimulate microbial respiration is 
time-dependent. In the short-term (i.e. within hours), stimulation of soil 
microorganisms increases with a decrease in particle size but in the long-term (i.e. 
days and weeks) any further stimulation is similar between size fractions. 
The cumulative amount of CO2-C released at the end of the long incubation was 
similar for the two size fractions of PyrOM used. This result is different for other 
incubation studies, for example, Jenkins et al. (2014) found that after 55 days of 
incubation, the <1 mm fraction stimulated release of two- to five-fold more 
cumulative CO2-C compared to coarser fractions of pyrOM used. Sigua et al. (2014) 
also found that after 50 days of incubation a greater amount of C was released via 
microbial respiration after adding biochar to soil as dust compared to pellets of the 
same biochar. When taken together, finer fractions of pyrOM can stimulate the same 
or a greater response in soil microbial respiration.  
Overall, this study and the one presented on Chapter 4 show that the ability of 
pyrOM  to stimulate microbial respiration is dependent on particle size and time. In 
the short-term (i.e. within hours), pyrOM of finer particle size is more likely to 
contribute to a greater stimulation of soil microorganisms compared to coarse 
pyrOM. However, in the long-term (i.e. days and weeks), any further microbial 
stimulation is similar among size fractions. 
5.4.3 Variation among sites 
In contrast, microbial stimulation varied among sites in term of duration of enhanced 
respiration and amount of CO2 released compared to the unamended soil. In general, 
microbial stimulation is influenced by soil characteristics. Variation in physical, 
chemical and biological properties of soil among sites can also influence the priming 
effect of pyrOM on soil (Cross and Sohi 2011; Keith et al. 2011; Luo et al. 2011; 
Fang et al. 2014). For example, the interaction between pyrOM and the mineral 
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component of soil can contribute to stabilisation of C, either from pyrOM or soil 
OM, by formation of organo-mineral compounds (Sollins et al. 1996; Brodowski et 
al. 2005a; Zimmerman et al. 2011). Fang et al. (2014) incubated biochar in 
contrasting types of soil to show that greater amounts of CO2 were released in sandy 
loam compared to clay soil. In this study, soil from Sandy Point has the shortest 
duration of enhanced respiration (8 d). The total C and clay content of soil from 
Sandy Point was greatest among the five sites (Chapter 2). In contrast, soil from 
Pettmans has the longest duration of sustained respiration (86 d) and had the lowest 
clay content. This suggests that C stabilisation by clay-mineral interactions in soil 
from Sandy Point was high and therefore less of the labile C coming from pyrOM 
was available for microbial respiration. Moreover, when Cross and Sohi (2011) 
incubated biochar in diverse types of soil, differing rates of consumption of labile C 
were attributed to the presence of different microbial communities among soil types. 
Enhancement of microbial respiration (an apparent priming effect) is largely 
regulated by fast-growing R-strategy microbial species, while decomposition of 
recalcitrant C such as pyrOM is driven by the slow-growing K-strategies species 
(Blagodatskaya and Kuzyakov 2008). Further studies investigating the variation in 
the microbial composition of forest soils and the nature of the organo-mineral 
interaction between pyrOM and soil are clearly warranted. 
5.4.4 Does the quantity of pyrOM matter? 
Unlike the effect of size of pyrOM, doubling the amount of pyrOM added to soil 
resulted in the cumulative amount of CO2-C released ranging from no difference 
(South Boundary, Sandy Point) to an 80% increase (Pettmans) when compared to 
unamended soil. Results from this study suggest that the effect of amendment rate on 
cumulative CO2-C released can be influenced by (1) soil characteristics and (2) 
chemical composition of pyrOM. This is in agreement with other incubation studies 
using different types of pyrOM. Incubation studies using biochar (Stein et al. 2008; 
Kolb et al. 2009) and naturally produced pyrOM (Jenkins et al. 2014) found an 
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increase in the amount of CO2 released with greater rates of amendment. The 
magnitude of increase varied among size fractions (Jenkins et al. 2014) and soil types 
(Kolb et al. 2009). However, no relationship between amendment rate and CO2-C 
release has also been reported in a field study using biochar (Bell and Worrall 2011). 
Nevertheless, in this study, varying the quantity of pyrOM added to soil had a far 
greater influence on microbial respiration than the quality (C content) of pyrOM.  
5.4.5 Pyrogenic organic matter as a means of carbon storage 
The current study demonstrates that the coarse fraction of pyrOM has greater 
potential for C sequestration than the fine fraction according to the balance between 
input (addition of pyrOM) and output (cumulative C released as CO2) of C. The 
amount of cumulative C released was not different between size fractions, but the 
amount of C input was two-fold greater for the coarse fraction. After corrections 
using rates of respiration of the unamended soil, the cumulative amount of CO2-C 
released ranged from -14–29% of C added as pyrOM. This proportion is much 
lower than that reported by Jenkins et al. (2014), particularly for the <1 mm fraction, 
which found two to three times more C released per amount of C added. Despite 
using a similar experimental design and pyrOM derived from prescribed burning, the 
differences in characteristics of the soil used in the two studies and presumably their 
inherent microbial communities, were enough to result in three times greater CO2 
being released from the unamended soil in this study. Once again, this highlights the 
importance of considering soil characteristics when estimating and interpreting the 
influence of addition of pyrOM to the soil C pool.  
In fire-prone ecosystems such as those found in Australia, pyrOM represent an 
important pool of C (Lehmann et al. 2008, Adams 2013). The amount of pyrOM 
deposited after fire varies considerably, ranging from <1 to 6 t C ha-1 in temperate 
forests (Santin et al. 2012; Aponte et al. 2014; Volkova et al. 2014; Jenkins et al. 
unpublished, Table 1.1). In addition, pyrOM can have highly variable physical and 
chemical properties. These variations are likely to influence the potential for use by 
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microorganisms and therefore, long-term storage of C. This study investigated the 
microbial response to addition of pyrOM as a way of understanding the stability and 
C storage potential of fine and coarse fractions of pyrOM. The results indicated that 
coarse fractions of pyrOM have greater potential for long-term C storage than finer 
fractions but that this may not necessarily be due solely to differences in surface area. 
In light of this, the nature of chemical differences among fractions of pyrOM will be 
explored further in the following chapter.  
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Chapter 6:  
Determination of pyrogenic carbon in 
soil 
6.1 Introduction 
6.1.1 Pyrogenic carbon in soil 
Pyrogenic organic matter (PyrOM) is the residue remaining after incomplete 
combustion of aboveground biomass and vegetation. It contains a spectrum of burnt 
material that varies in degree of thermal alteration (see Chapter 1). The pool of 
carbon (C) in pyrOM that is thermally altered is often referred to as pyrogenic 
carbon (pyrOM-C). In this study, pyrOM-C is defined as C that is resistant to 
chemical oxidation and/or is present in forms of condensed aromatic molecular 
structure. In Australia, pyrOM-C can account for up to 30% of the soil organic C 
(Skjemstad et al. 1996) and it is an important pool for soil C storage (Lehmann et al. 
2008; Santín et al. 2015). Depending on fire intensity, 1–10% of biomass C 
consumed as fuel is converted to pyrOM-C during prescribed fire (Deluca and Aplet 
2008). Pyrogenic OM-C in soil is generally presumed to originate from plant 
material such as cellulose, hemicellulose, lignin and peptides. During combustion, 
plant polymers are transformed into small clusters of aromatic structures (Czimczik et 
al. 2003; Knicker et al. 2005) depending on the chemical structure of the original 
plant material (Knicker 2011a). The production, transformation and properties of 
pyrOM-C from fire have been extensively studied and reviewed (Zackrisson et al. 
1996; Masielllo 2004; Brodowski et al. 2005a; Preston and Schimidt 2006; Knicker 
2007; Deluca and Aplet 2008; Hart and Luckai 2013), as well as the effect of 
pyrOM-C on soil microorganisms (see Chapter 4 and 5). However, little is known 
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about how much pyrOM-C enters the soil system and becomes part of soil organic 
material (SOM) after fire. 
6.1.2 Common techniques for determination of pyrOM-C in soil 
Characterisation of pyrOM-C in soil is difficult, as it is for SOM itself since it is a 
complex mixture of C derived from a variety of plant residues (i.e. fine roots, leaves, 
twigs, flowers, fruits, bark) at various stages of decomposition (i.e. fresh to partially 
decomposed). Soil from areas that have been burnt will have plant residues with 
different degrees of charring, making characterisation of SOM even more challenging 
(Hammes et al. 2007). 
A variety of analytical techniques have been used to quantify pyrOM-C in soil with 
each technique providing different types of data and having different limitations (see 
Chapter 1). For example, chemical digestions of pyrOM-C with oxidation agents 
such as hydrogen peroxide (Kurth et al. 2006) or potassium dichromate (Walkley 
1947; Wolback and Anders 1989; Bird and Gröcke 1997) are commonly used for 
quantification. A more complex technique uses molecular markers based on specific 
compounds of benzene polycarboxylic acid (BPCA) that are released after oxidation 
with strong acid under high pressure (Glaser et al. 1998; Brodowski et al. 2005b; 
Wiedemeier et al. 2013). The ratio between the BPCA compounds formed can be 
used to indicate the degree of charring and determine the concentration of pyrOM-C 
in soil. Nuclear magnetic resonance spectroscopy (NMR) provides a semi-
quantitative estimation of the amount of pyrOM-C in soil along with an indication 
of the chemical structures involved (Skjemstad et al. 1999; Knicker et al. 2005). 
Pyrolysis coupled with gas chromatography mass spectrometry (PY-GC/MS) can be 
used to reveal the molecular composition of SOM and pyrOM (De la Rosa et al. 
2008a, 2008b; Kaal et al. 2008a, 2008b). 
Most studies examining the modification of soil after fire have used soil collected 
after wildfire—either recent fire (such as Czimczik et al. 2005; Knicker et al. 2005; 
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Tinoco et al. 2006; Knicker 2007; De la Rosa et al. 2008a) or historical burns 
(Czimczik et al. 2005; Simpson et al. 2005; Krull et al. 2006; Kaal 2008a; Kane et al. 
2010; Schneider et al. 2011; Kaal et al. 2014). Regardless of the techniques used, 
these studies commonly found (1) an increased pool of pyrOM and/or pyrOM-C 
when compared to soil from adjacent unburnt areas, and/or (2) a breakdown of large 
organic molecules into smaller molecules.  
The aim of prescribed fire is to reduce risk of higher intensity bushfire through 
application of low intensity burning. Logically, thermal alteration of soil and SOM is 
expected to be less for prescribed fires than after bushfire. Varying results have been 
reported among studies related to prescribed fires. For example, prescribed burning 
did not increase aromatic compounds in soil under Oak Shrubland (Alexis et al. 
2012). In Ponderosa Pine forest, prescribed burning reduced the concentration of 
pyrOM-C in the O horizon with no change in the A horizon (Hatten et al. 2008). In 
contrast, increased concentrations of pyrOM-C were found in the top 1 cm soil after 
experimental burning in temperate forest (Eckmeier et al. 2007a). 
Changes in the thermally altered component of soil C after prescribed fire are still not 
well understood with only a limited number of studies and often conflicting findings. 
To address this shortfall, two analytical techniques were selected to examine the 
influence of prescribed fire on SOM. Firstly, a model derived from mid-infrared 
spectroscopy (MIR) calibrated with chemical digestion of soil was chosen as a rapid 
screening method for quantifying pyrOM-C in soil. Secondly, thermochemolysis 
CG/MS using tetramethylammonium hydroxide was used to examine the effect of 
prescribed fire on the molecular structure of the organic component of soil.  
6.1.3 Spectroscopy 
Mid-infrared spectroscopy in combination with multivariate data analysis is a 
method that has been used widely for soil analysis (McBratney et al. 2006; Viscarra 
Rossel and Webster 2011, 2012; Soriano-Disla et al. 2013). This technique is rapid 
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and inexpensive and the spectrum can be used to infer various soil properties. 
Infrared refers to the part of electromagnetic spectrum between the visible and 
microwave region; this region is further divided into near-, mid- and far-infrared. 
The mid-infrared region (wavelengths between 400 and 4000 cm-1) is useful for 
revealing functional groups of organic compounds. The basic principle is that 
infrared radiation is absorbed by organic molecules and converted into energy of 
molecular vibration and when the radiant energy matches the energy of a specific 
molecular vibration energy absorption occurs (Larkin 2011). This technique has 
proven to be useful for measuring various soil properties such as soil acidity, total C, 
total N, soil colour, clay and carbonate mineralogy and particle size (e.g. Janik et al. 
1998; Minasny et al. 2009; Baldock et al. 2013; Soriano-Disla et al. 2013). 
To predict soil properties from spectra, empirical relationships are derived from 
measured values and their corresponding spectra (Figure 6.1). A prediction model is 
developed from a component of the soil dataset (the ‘training’ dataset) and values for 
the rest of the dataset are predicted based on the calibrated model. By using MIR 
spectroscopy, only a portion of the soil samples collected need to be chemically 
analysed and used for model development thereby saving time, labour and costs when 
compared to chemical analysis of an entire set of soil samples.  
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Figure 6.1: Schematic representation of the procedure to determine soil properties 
using mid-infrared (MIR) spectroscopy. The black arrows indicate the pathway for 
developing a prediction model using the training sample set, the red arrows indicate 
the pathway for obtaining predicted values for the full sample set based on the 
prediction model. 
 
6.1.4 Thermochemolysis gas chromatography mass spectrometry analysis 
Thermochemolysis gas chromatography mass spectrometry (THM-GC/MS) is a 
technique based on pyrolysis GC/MS (PY-GC/MS) that provides detail on molecular 
composition in a variety of macromolecules such as SOM (Challinor 2001). 
Thermochemolysis refers to pyrolysis in the presence of a methylation agent such as 
tetramethylammonium hydroxide (TMAH). This method was developed by 
Challinor (1989; 1991) to improve detection of polar molecules by gas 
chromatography (GC). During thermochemolysis, specific bonds in macromolecules 
are cleaved by heat energy into smaller fragments and these pyrolysis products are 
then detected and analysed by GC/MS. In traditional PY-GC/MS, polar molecules 
such as carboxylic acid are not detectable by the GC but with the addition of 
TMAH, the molecules become methylated (H is replaced with CH3) and are 
detectable (de Rio et al. 1998; Gallois et al. 2007). This technique has been used to 
characterise SOM (Huang et al. 1998; Nierop 1998; Chefetz et al. 2002; Stewart et 
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al. 2011). To date, most of these studies have examined compounds derived from 
lignin (Clifford 1995; Hatcher et al. 1995; Filley et al. 1999; Kuroda et al. 2002), 
lipids (Jandl et al. 2015) and amino acids (Gallois et al. 2007) and have been used to 
develop a better understanding of the degradation of plant material and 
characterisation of SOM. Chemolysis has been used to determined pyrOM-C in soil 
for archaeological purposes (Kaal et al. 2008a).  
6.1.5 Aim 
Prescribed fire can affect the various pools of C (e.g. labile and microbial biomass; see 
Chapters 4 and 5) despite the lack of change in total C (see Chapter 3). The objective 
of this study is to examine changes in the pyrogenic C after prescribed fire. There are 
no standard methods for determination of pyrOM-C therefore this study also aims to 
explore the usefulness of two of the recently developed methods that have been used 
for characterisation of soil. The two analytical techniques used were: (i) MIR 
combined with the Kurth-McKenzie-DeLuca digestion (KMD; Kurth et al. 2006) for 
quantitative analysis, and (ii) THM-GC/MS using TMAH for both qualitative and 
semi-quantitative analysis. The research questions for this chapter are: 
(1) How is pyrOM-C in soil from mixed eucalypt forest distributed across the 
landscape and throughout the vertical profile?  
(2) Does the concentration of pyrOM-C in soil change with time since fire?  
 (3) How does the molecular composition of SOM change after fire?  
To address the first research question a prediction model was developed using MIR 
spectra and measurements from KMD digestion of a subset of soil samples. 
Quantification of pyrOM-C was used to answer the second research question using 
the best prediction model. THM-GC/MS was used to identify the molecular 
composition of pyrOM-C in soil before and after prescribed burning at two selected 
sites. 
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6.2 Materials and methods 
6.2.1 Soil sampling 
Three discrete sets of soil samples were used in this study to address the three research 
questions (see Table 6.1) and one set of soil samples was used for calibration for the 
MIR spectra. All soils used were sieved to <2 mm, oven dried at 40 °C and ground to 
<53 μm to ensure homogeneity. 
Sample set 1 was used to determine the distribution of pyrOM-C throughout the soil 
profile in the study area. Soil from seven of the nine sites described in Chapter 2 were 
sampled, including Frogs Hollow, Sandy Point, South Boundary, Gravel, Oliver, 
Patrol and Poddy. Soil samples were collected from up to seven depths (0–5, 5–
10,10–20, 20–30, 30–50, 50–70 and 70–90 cm) at all sites depending on the depth 
of the soil profile (Supplementary Table 6.1). 
Sample set 2 was used to determine the change in pyrOM-C concentration in soil 
after prescribed burning. Soil from a depth of 0–10 cm was collected before and at 
three times after prescribed burning (1 week, 1 month and 1 year) as described in 
Chapter 3. Soil was collected from all nine sites near Orbost (Frogs Hollow, 
Pettmans, South Boundary, Sandy Point, Upper Tambo) and Bemm River (Gravel, 
Oliver, Patrol and Poddy). 
Sample set 3 was used to determine the molecular composition of soil before and 
after prescribed fire. Soil from a depth of 0–10 cm was collected before and 1 week 
after prescribed fire from two sites (Pettmans and Poddy). 
 
 
 
 
 170 
 
Table 6.1: Summary of sets of soil samples used for analysis including the Kurth-
MacKenzie-DeLuca (KMD), mid-infrared spectroscopy (MIR) and 
tetramethylammonium hydroxide assisted thermochemolysis gas chromatography 
mass spectroscopy (THM-GC/MS). Each site used for collection of soil in Sample 
sets 2 and 3 consisted of three plot replicates. 
Sample set Technique Description 
Training 
sample set 
KMD-MIR Development of prediction model for MIR spectra  
36 soil samples spiked with pyrOM covering a range 
of 5–70 mg pyrOM-C g soil-1 (see Section 6.2.2), 
also include one-third of soil (n = 7) from Sample set 
1 to increase the variation in soil characteristics 
which could not be achieved with spiked soil 
 
Sample set 1 MIR  Description of the soil profile across the landscape 
 Site (n = 7): Frogs Hollow, South Boundary, Sandy 
Point, Gravel, Oliver, Patrol, Poddy 
 Depth: 0–5, 5–10, 10–20, 20–30, 30–50, 50–70 
and 70–90 cm 
   
Sample set 2 MIR Quantification of pyrOM-C in soil before fire, 1 
week, 1 month and 1 year after fire 
 Site (n = 9) : Frogs Hollow, Pettmans, South 
Boundary, Sandy Point, Upper Tambo, Gravel, 
Oliver, Patrol, Poddy 
 Depth: 0–10 cm 
 
Sample set 3 THM-
GC/MS 
Molecular characterisation of pyrOM-C in soil 
before fire and 1 week after fire 
 Site (n = 2): Pettmans and Poddy 
 Depth: 0–10 cm 
 
6.2.2 Spiked soil series and KMD digestion 
A series of soil spiked with different concentration of pyrOM was prepared to 
determine the consistency of the KMD digestion method. Reference soil collected 
before prescribed burning from Gravel was selected due to its low total C content. To 
ensure the consistency of pyrOM used for spiking soil, a burnt log of wood that was 
completely charred (visually) collected from the same site (Gravel), was oven dried at 
40 °C and ground to <53 µm. The soil and pyrOM used for spiking was previously 
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determined for the pyrOM-C concentration (Table 6.2) using the KMD method 
(Kurth et al. 2006). Briefly, approximately 1.5 g of finely-ground soil (<53 µm) was 
weighed into conical flasks, 30 mL hydrogen peroxide and 15 mL 1 M nitric acid 
was added to each flask then placed on a hotplate at 80 °C and allowed to digest for 
16 h. Samples were swirled regularly to ensure even digestion and covered with glass 
lids to prevent evaporation. After 16 h, the completeness of digestion was determined 
by absence of effervescence. If the samples were still effervescing, they were digested 
for a further 4 h after addition of 5 mL hydrogen peroxide. Digested soil samples 
were allowed to cool before filtering through ashless filter paper (Whatman No. 2). 
Residual material was oven dried overnight at 40 °C and recovered by gently 
brushing into a mortar and homogenised by pestling. The total C content of the 
recovered residues was determined (Elementar CN Analyzer, Germany) and was 
assumed to be the amount of pyrOM-C. The pyrOM-spiked soil series was prepared 
by mixing pyrOM into soil in a range from 0.4–16% soil dry weight. Information 
about the equivalent pyrOM added is provided in Table 6.3. 
 
Table 6.2: Total carbon (C) concentration for soil and pyrogenic organic matter 
(pyrOM) used for composing spiked soil, before and after the Kurth-MacKenzie-
DeLuca digestion. Carbon found after digestion was assumed to be pyrOM-C 
due to its high resistance to chemical oxidation. Values are means (n = 3) with 
standard deviation in parentheses. Carbon content before and after digestion was 
compared using paired t-tests.  
 C concentration (mg C g soil-1)  P value 
 Before digestion  After digestion   
Soil 26.2 (0.8)  2.8 (0.3)  <0.001 
PyrOM 471.4 (1.5)  469.7 (0.1)  0.809 
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Table 6.3: Description of the soil series spiked with pyrogenic organic matter 
(pyrOM) and the reference pyrOM used for spiking. The amount of reference 
pyrOM (pyrOM was derived from burnt wood; see Section 6.2.2) added to the 
reference soil was based on percentage (%) of soil dry weight. Each of the spiked 
soils in the series was made in triplicate. 
PyrOM 
added by soil 
dry weight 
PyrOM-C in 
reference pyrOM 
added 
PyrOM-C in 
reference soil 
Total pyrOM-C in 
spiked soil 
(%) (mg pyrOM-C g 
spiked soil-1) 
(mg pyrOM-C g 
spiked soil-1) 
(mg pyrOM-C g 
spiked soil-1) 
0.0 0.00 2.79 2.79 
0.4 1.76 2.79 4.55 
0.7 3.50 2.78 6.28 
1.1 5.23 2.77 8.00 
1.5 6.95 2.76 9.71 
1.8 8.66 2.75 11.41 
2.2 10.35 2.74 13.09 
2.7 12.87 2.72 15.59 
3.6 17.01 2.70 19.71 
9.0 40.33 2.56 42.89 
12.0 58.00 2.45 60.45 
16.0 74.28 2.36 76.64 
 
6.2.3 Mid-infrared spectroscopy 
Mid-infrared spectra of the soil samples were collected using a Bruker TENSOR 37 
FT-IR spectrometer (Ettlingen, Germany). Finely grounded soil (<53 µm) was placed 
into a 96-well sampling plate (4 mm diameter) and levelled with a gentle tap to 
ensure smooth and flat surface. The spectra were obtained by averaging 60 scans over 
the frequency range between 600 to 4000 cm-1 at 8 cm-1 resolution. Potassium 
bromide powder was used as a background reference and was scanned between each 
sample. The reflectance of spectra was converted to absorbance for data and visual 
analysis. The spectra were then filtered using the Savitzky-Golay first derivation 
(Savitzky and Golay 1964). This is a data smoothing method based on least square 
polynomial approximation that reduces noise while maintain the shape and height of 
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peaks. A window size of 11 and a second order polynomial transformation for the 
smoothing gave the best fit. 
Prediction models 
Two prediction models were used: Cubist and partial least square regression (PLSR). 
Both models were created in R statistical software with packages of pls (Mevik and 
Wehrens 2007) and Cubist (Kuhn et al. 2013).  
The Cubist model 
Cubist is a software program that executes a decision tree analysis based on the M5 
algorithm of Quinlan (1992) to build a rule-based predictive model (Kuhn et al. 
2012). It is recommended as an alternative method to PLSR for predicting soil 
properties using infrared spectroscopy (Minasny and McBratney 2008; Viscarra 
Rossel and Webster 2012). Cubist models are composed of collections of rules, each 
rule has an associated set of conditions and multivariate linear model. For each case, 
when all the conditions of a rule are satisfied, the associated linear model is used to 
calculate a predicted value. When more than one rule applies, the predicted values 
generated are averaged to give the final predicted value. To calibrate spectra from 
MIR, each spectrum obtained for a soil sample is a case, and each wavenumbers 
(more than 1700 in the MIR range) scanned are treated as an attribute. Each 
wavenumber (attribute) can be used for more than one rule in the model, the 
number of times that a wavenumber is used in the rule-associated linear models is 
expressed as percent model usage (≤100%) (Rulequest, 2012). 
Partial least square regression 
Partial least square regression is a data analysis method commonly used to interpret 
spectroscopy data (e.g. Baldock et al. 2013). For the PLSR model, the optimal 
number of variables for regression was selected based on: (i) maximising the variance 
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explained, (ii) minimising the error term, and (iii) minimising the possibility of over-
fitting. 
Assessment of model accuracy  
Both models were cross-validated with the leave-one-out method (LOOCV), which 
is the most suitable validation method for a small dataset. The LOOCV for the 
validated model was done in a way that each case was removed from the dataset, then 
the pyrOM-C concentration of that sample was predicted using the remaining cases. 
The parameters used for assessing the accuracy of both models included root mean 
squared error (RMSE), correlation coefficient (R2), the ratio of performance to 
interquartile distance (RPIQ) and residual prediction deviation (RPD). 
Root Mean Squared Error (Equation 6.1) is a common measure for determining the 
goodness of fit of a model as it indicates the average error of the prediction. In this 
calculation, ym is the value of pyrOM-C measured by the KMD digestion and yp is 
the value predicted from LOOCV. 
……………………………..….……Equation 6.1  
     
Standard error of prediction (SEP, Equation 6.2) describes the confidence intervals 
for the predicted value. In this calculation, Xm is the measured value (determined 
from the KMD digestion) and XP is the predicted value according to PLSR or Cubist, 
and N is the number of samples used for validation. The residual prediction 
deviation (RPD, Equation 6.3) is the ratio of standard deviation (s.d.) of SEP. This 
value is used to evaluate the predictive ability of the calibration model. 
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……..……………………………………..Equation 6.2  
  
………….…………………………….………..…… Equation 6.3  
        
6.2.4 Thermochemolysis using tetramethylammonium hydroxide 
Soil samples collected before and 1 week after prescribed fire (Sample set 3) were 
analysed by THM-GC/MS using a pyrolysis unit (TDU-PYRO; Gerstel Inc., 
Mülheim an der Ruhr, Germany) coupled to a GC/MS (Agilent 7890 GC and 
5975C mass-selective detector; Agilent Technologies, Victoria, Australia). Soil 
samples (approximately 2 mg) were placed into quartz tubes (2 mm diameter × 20 
mm length) containing a small plug of quartz wool and 2 µL of TMAH solution in 
10% methanol (Sigma-Aldrich, NSW, Australia) was added using a syringe. Blank 
sample tubes with no soil were prepared in the same manner. Samples were 
introduced into the TDU-PYRO by an autosampler and were heated initially for 1 
min at 50 °C to purge the vial of excess TMAH and air. Samples were then heated at 
a rate of 720 °C min-1 to 600 °C and held at this temperature for 30 s. Resulting 
products were injected onto a GC column at a 20:1 split ratio via a temperature 
programmable vaporization type inlet (CIS4; Gerstel) held at 350 °C. The GC 
column (HP-5MS, 5% phenyl-methyl-siloxane, 30 m × 250 µm × 0.25 µm; Agilent 
Technologies Inc.) was initially heated at 40 °C for 2 min, then heated at a rate of 7 
°C min-1 until a final temperature of 320 °C was reached and kept constant for 10 
min. The GC column was operated in constant flow mode (2.3 mL min-1 helium). 
The analysis system was operated under MAESTRO software control (version 
1.4.26.40/3.5; Gerstel) integrated into Agilent Chemstation software (version 
E.02.01.1177). The mass selective detector (MSD) was operated in full scan mode 
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with range of 45–650 atomic mass unit, the ion source and quadrupole of the MSD 
set at 230 °C and 150 °C, respectively, and the emission energy set at 70 eV. 
Post-processing of the GC/MS data was achieved using MSeasy R package (Nicole et 
al. 2012). MSeasy applies an unsupervised clustering method to group similar mass 
spectra into clusters. Clustering is performed with Ward’s method using squared 
Euclidean distances. The validity of clusters was evaluated based on the silhouette 
width (Rousseeuw 1987). Validated clusters therefore correspond to a well-defined 
molecule, with clear mass spectra and low variation in retention time (<0.1 min). Of 
the 12 soil samples, 479 clusters were identified by MSeasy and 123 of these clusters 
were validated. Validated clusters (compounds) were tentatively identified by 
comparing mass spectra against the NIST08 Mass Spectral Database in the NIST MS 
Search program (v.2.0f; NIST, Gainsborough, MD) based on the major fragmented 
ions and relative intensity.  
A semi-quantitative method was used for comparison of the identified pyrolytic 
compounds among samples. The total ion current of all quantified compounds was 
set at 100% and the relative abundance (relative quantified peak area; %RQPA) of 
each compound was normalised to the total peak area (Equation 6.4). Values of 
%RQPA were represented in a heatmap. 
…………Equation 6.4 
6.2.5 Statistical analysis 
For Sample set 2, data were analysed using linear mixed model (LMM) for the effect 
of time since fire and site on pyrOM-C concentration in soil. Each analysis consisted 
of fixed factor of Time since fire and Site, and their interactions, and the random 
factors of plot and their interaction between plot and Time since fire. The coefficient 
of variation of the pyrOM-C concentration among sites at each time since fire was 
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calculated as standard deviation divided by the mean. Linear regression was used to 
determine the relationship of pyrOM-C among sites and over time since fire. All 
statistical analysis was done using IBM SPSS Statistics 22 (IBM, United States). 
For Sample set 3, thermochemolysis data were tested using permutational 
multivariate analysis of variance using distance matrices (Vegan R package; Oksanen 
et al. 2015) to identify any effect of site and fire (before and after prescribed fire) on 
the compounds produced. Analytical and statistical processes that required the R 
package were performed in R x64 3.1.0 (R Core Group; 2013). 
6.3 Results 
6.3.1 Measurement and prediction of pyrogenic carbon 
KMD digestion and MIR model calibrations 
Measured values of pyrOM-C in spiked soils using KMD digestion ranged from 2.5–
58.0 mg C g soil-1 (0.3–6.0%). The digestion efficiency was consistent throughout 
the concentration range as indicated by the high value of the correlation coefficient 
(R2 = 0.99; Figure 6.2). However, the concentration of pyrOM-C measured using 
KMD digestion was underestimated by approximately 26% as the estimated values of 
spiked soil ranged from 2.79–76.64 mg C g soil-1. This suggests that a portion of the 
pyrOM-C was lost during the digestion process.   
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Figure 6.2: Relationship between estimated pyrOM-C and measured pyrOM-C after 
KMD digestion. 
 
Interpreting spectroscopic models 
The measured values of pyrOM-C concentration using KMD digestion was then 
used to build a prediction model for MIR spectra obtained from spiked soil samples. 
Two prediction models (PLSL and Cubist models) were tested. For the PLSR model, 
14 latent variables (LV) were chosen based on the maximum correlation and minimal 
RMSE. For both the PLSR and Cubist models, the predicted pyrOM-C value agreed 
well with the measured value, with R2 greater than 0.9 for both models (Table 6.4 
and Figure 6.3) and a small RMSE. However, the Cubist model was more suitable 
for predicting low values of pyrOM-C. For example, for soil samples that had 
pyrOM-C content lower than the detection limit of the instrument used (1.691 mg 
C g soil-1, Supplementary Figure 6.1), the Cubist model predicted zero-values, 
whereas the PLSR model predicted negative values (Figure 6.3). Based on this 
information, the following analyses will use prediction values derived from the Cubist 
model. 
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Figure 6.3: Relationships between measured and predicted concentrations of 
pyrOM-C using (a) Cubist and (b) partial least square regression with 14 latent 
variables. 
 
Table 6.4: Comparison of the accuracy of predictions of pyrOM-C concentration in 
soil using the partial least square regression (PLSR) and Cubist model, included root 
mean squared error (RMSE), correlation coefficient (R2), the ratio of performance to 
interquartile distance (RPIQ) and residual prediction deviation (RPD). For PLSR, 4 
and 14 latent variables (LV) were selected. 
Model R2 RMSE  RPIQ  RPD  
PLSR (4 LV) 0.964 2.773 - - 
PLSR (14 LV) 0.992 1.344 - - 
Cubist 0.986 1.898 1.567 8.564 
 
The wavenumbers used in the conditions of the rule in the Cubist model were 3839, 
2337, 1839, 1812, 1377, 1353, 1340, 1228, 815 and 808 cm-1 (Figure 6.4). Two 
wavenumbers were used in the single bond C-H region (4000–2300 cm-1, Anderson 
et al. 2004) and two wavenumbers were used in the region for triple bond and 
PyrOM-C measured (mg pyrOM-C g soil-1)
0 10 20 30 40 50 60 70P
yr
O
M
-C
 p
re
di
ct
ed
 (m
g 
py
rO
M
-C
 g
 s
oi
l-1
)
0
10
20
30
40
50
60
70
y = 0.971 x + 0.391
R2 = 0.986
0 10 20 30 40 50 60 70
(a) y = 0.995 x + 0.06
R2 = 0.995
(b)
 180 
 
cumulative bonds (2300–1850 cm-1, Anderson et al. 2004). Four wavenumbers were 
used in the region between 1500 and 1000 cm-1. This is the so-called ‘fingerprint 
region’ as every organic molecule has a specific absorption in this region (Anderson et 
al. 2004). Two wavenumbers were used in the unsaturated C-H bending region 
(1000–666 cm-1) which indicates aromatic compounds. There were several strong 
bands observed in the spectra but they were not selected for the Cubist model. 
Examples of these bands included peaks between 2850 and 2920 cm-1 which have 
been identified in SOM by others as aliphatic C-H bonds (Haberhauer and Gerzabek 
1999; Tatzber et al. 2007), peaks at 1160 cm-1 indicating polysaccharides and peaks 
between 1080 and 1000 cm-1 which have been identified as the C-O stretching of 
cellulose (Solomon et al. 2005). 
 
Figure 6.4: Mid-infrared spectra showing absorbance for soil spiked with pyrOM 
(left axis). Important wavenumbers used in the Cubist model are shown by the grey 
vertical bars. Heights of bars indicate percent model usage (right axis).  
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6.3.2 Distribution of pyrogenic organic matter in the soil profile 
For Sample set 1, MIR spectroscopy (Figure 6.5) combined with a prediction model 
(MIRKMD-Cubist) indicated the presence of pyrOM-C in soil collected from the 
seven profiles and at all depths (Figure 6.6). At all sites, concentrations of pyrOM-C 
decreased with increasing soil depth. Overall, the concentration of pyrOM-C was 
greatest at 0–5 cm depth ranging from 0.9–1.5% pyrOM-C and lowest at 70–90 cm 
(approximately 0.1% pyrOM-C). Concentrations of pyrOM-C in soil at individual 
sites are shown in Supplementary Figures 6.2 and 6.3. 
When pyrOM-C is expressed as a proportion of total C in soil, a different pattern is 
evident compared to percentage of pyrOM-C in the soil profile (Figure 6.6). A 
greater proportion of total C in soil was composed of pyrOM-C with increasing soil 
depth up to 90 cm (averaged value ranged from 25–45%).  
 
Figure 6.5: Mid-infrared spectra for the soil profile to 90 cm depth (Sample set 1) 
from Gravel. 
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Figure 6.6: Concentrations of (a) pyrogenic C, (b) total C and (c) the proportion of 
pyrOM-C of total C for soil collected at depths of 90 cm among seven sites (Sample 
set 1). 
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6.3.3 Changes in pyrogenic organic matter in soil after fire 
For Sample set 2, predicted concentrations of pyrOM-C in soil (0–10 cm) collected 
before fire using the MIRKMD-Cubist model ranged from 0.84–1.26% (Table 6.5). 
Concentrations of pyrOM-C in soil from Patrol were significantly greater than all 
other sites (LMM, P <0.001; Table 6.6), but overall, the concentration of pyrOM-C 
in soil did not change after fire (LMM, P = 0.881). There was a weak relationship 
between pyrOM-C in soil before and 1 week after fire (R2 = 0.163, P = 0.039; Table 
6.7) suggesting that the distribution of pyrOM-C in soil was not influenced by pre-
fire conditions. The proportion of pyrOM-C in total soil C ranged from 10–20% 
(Table 6.6) but it was not significantly different among time since fire (LMM, P = 
0.109). Moreover, the visual interpretation of MIR spectra obtained for soil collected 
from different times since fire revealed that prescribed burning did not cause major 
changes in the chemical structure of soil (Figure 6.7). For example, there was no 
change in the region for aromatic compounds (870 cm-1) and the wavebands that 
correspond to the labile pool of C, such as cellulose (1080–1000 cm-1) and 
polysaccharides (1160 cm-1), were also not affected by prescribed fire. 
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Table 6.5: Concentration of pyrogenic carbon (pyrOM-C) and the proportion of 
pyrOM-C:total C in soil collected before and after fire from nine study sites (Sample 
set 2). Values are means (n = 3) with standard deviation in parentheses. n.d. 
indicates data not determined. Means were compared among time since fire and were 
not significantly different at α = 0.05 as identified using linear mixed models. 
Site Pre-fire 1 week 1 month 1 year 
PyrOM-C (%)     
Frogs Hollow 0.88 (0.31) 0.93 (0.05) 1.09 (0.16) 0.98 (0.16) 
Pettmans 0.84 (0.55) 0.93 (0.21) 0.93 (0.31) 0.99 (0.49) 
South Boundary 0.95 (0.32) 0.77 (0.16) 0.70 (0.04) 0.83 (0.25) 
Sandy Point 1.05 (0.04) 0.84 (0.08) 0.92 (0.15) 1.06 (0.04) 
Upper Tambo 1.20 (0.07) 1.03 (0.56) 1.14 (0.25) 0.96 (0.24) 
Gravel n.d. 0.82 (0.15) 0.88 (0.14) 1.19 (0.51) 
Oliver n.d. 0.74 (0.12) 0.86 (0.13) 0.88 (0.14) 
Patrol 1.34 (0.19) 1.30 (0.34) 1.39 (0.21) 1.50 (0.15) 
Poddy 0.99 (0.07) 1.03 (0.07) 0.95 (0.19) 0.96 (0.14) 
 
PyrOM-C:total C 
   
Frogs Hollow 17.15 (3.88) 17.15 (0.68) 17.18 (0.96) 18.65 (1.49) 
Pettmans 13.14 (4.35) 16.82 (4.18) 14.33 (2.53) 23.29 (8.34) 
South Boundary 20.24 (11.35) 13.62 (1.19) 13.15 (3.30) 16.30 (2.23) 
Sandy Point 10.37 (1.54) 11.33 (1.13) 11.14 (1.12) 9.71 (1.27) 
Upper Tambo 12.71 (0.24) 12.10 (1.43) 14.05 (1.66) 15.32 ( n.d.) 
Gravel n.d. 14.71 (1.83) 14.99 (1.98) 17.98 (3.30) 
Oliver n.d. 15.53 (2.09) 12.36 (2.65) 15.89 (0.55) 
Patrol 15.66 (1.19) 13.68 (0.58) 14.29 (0.91) 15.93 (1.53) 
Poddy 13.43 (1.26) 12.00 (1.13) 12.50 (1.20) 14.07 (1.31) 
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Table 6.6: Linear mixed models for the main factors (Time since fire and Site) and 
the associated interaction of the dependent variables: concentration of carbon in 
pyrogenic organic matter (pyrOM-C) and proportion of pyrOM-C:total C. Cases 
where P <0.05 are indicated in bold. 
 Degrees of 
freedom 
Denominator 
df 
Wald F 
statistic 
P value 
%pyrOM-C     
Time since fire 3 55 0.222 0.881 
Site 6 55 5.785 <0.001 
Site × time since fire 18 55 0.313 0.996 
     
%pyrOM-C:Total C     
Time since fire 3 51 2.122 0.109 
Site 6 51 13.434 <0.001 
Site × time since fire 18 51 0.814 0.675 
 
 
 
Table 6.7: Relationships among carbon in pyrogenic organic matter (pyrOM-C) in 
soil before and after fire (time since fire (TSF) of 1 week, 1 month and 1 year). 
PyrOM-C represents the concentration of pyrOM-C in soil, pyrOM-C:total C 
represents the proportion of pyrOM-C of total soil C. Values are summary output 
from the linear regression analysis for nine sites with three plots at each site (n = 27). 
Cases where P <0.05 are indicated in bold. 
 TSF Adjusted R2 R value P value 
pyrOM-C 1 week 0.163 0.429 0.039 
 1 month 0.113 0.335 0.075 
 1 year 0.380 0.634 0.002 
     
pyrOM-C:total C 1 week -0.035 0.023 0.730 
 1 month 0.048 0.089 0.142 
 1 year -0.045 0.009 0.937 
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Figure.6.7: Mid-infrared spectra of soil collected from Poddy at different time since 
fire: pre-fire (black), one week (red), one month (blue) and one year (green) after 
fire. Wavebands highlighted in grey are regions that have previously been reported to 
indicate various compounds in soil (Haberhauer and Gerzabek 1999; Solomon et al. 
2005; Tatzber et al. 2007). 
 
6.3.4 Thermochemolysis gas chromatography mass spectroscopy 
A total of 123 compounds were identified in soil collected from Pettmans and Poddy 
before and after fire (Sample set 3). An example of a total ion chromatograph (TIC) 
is shown in Figure 6.8. The pyrolytic products were categorised into five groups 
(Figure 6.9) including 17 compounds classified as monocyclic aromatic hydrocarbons 
(MAH), 11 compounds that were identified as polycyclic aromatic hydrocarbons 
(PAH), 35 compounds in the fatty acid methyl ester group (FAME), 43 compounds 
with O-containing compounds such as carbohydrates and 18 N-containing 
compounds. A list of all of the compounds identified in all of the soils tested is given 
in Supplementary Table 6.2. Compounds that contain aromatic structures 
(indicators for pyrOM) are listed in Table 6.8. 
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Figure 6.8: An example of a total ion chromatogram obtained by THM-GC/MS for soil collected from Pettmans Plot 2 (a) before 
and (b) immediately after prescribed fire. Details of compounds identified (ID#) are provided in Table 6.8 and Supplementary Table 
6.2. 
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Figure 6.9: The proportion of total peak area for each category of compounds quantified 
in soil collected before and after fire (1 week) from (a) Pettmans and (b) Poddy (Sample 
set 3). Compound categories include monocyclic aromatic hydrocarbons (MAH), 
polycyclic aromatic hydrocarbons (PAH), Fatty acid methyl esters (FAME) and O-
containing and N-containing compounds. Bars are mean values (n = 3) and error bars 
are standard deviation. 
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Table 6.8: Aromatic compounds in each category identified for soil collected from 
Pettmans and Poddy before and after fire (Sample set 3) using THM-GC/MS. 
Identification numbers (#) are provided. 
Group ID# Tentative compound 
Monoaromatic 
hydrocarbons  
12 m-xylene 
13 Styrene 
 14 p-xylene 
 32 Benzene, 2-propenyl- 
 43 Benzene, 1-methyl-2-(1-methylethyl)- 
Polyaromatic 
hydrocarbons 
36 Indene 
52 1H-Indene, 1-methyl- 
 83 Naphthalene, 1,3-dimethyl- 
 86 Naphthalene, 1,7-dimethyl- 
 97 Fluorene 
 100 9H-Xanthene 
 102 α-Santonin 
 108 9H-Fluorene, 4-methyl- 
 110 Phenanthrene 
 111 Phenanthrene, 9,10-dihydro-1-methyl- 
Aromatic fatty 
acid methyl esters 
44 Benzoic acid, methyl ester 
73 Benzoic acid, 3-methoxy-, methyl ester 
 96 Benzoic acid, 3,5-dimethoxy-, methyl ester 
O-containing 
aromatics 
23 L-Serine, O-(phenylmethyl)- 
27 Phenol 
 46 Benzene, 1-methoxy-2,3-dimethyl- 
 50 Phenol, 3,5-dimethyl- 
 54 2-Methoxybenzyl alcohol 
 56 Phenol, 2,3-dimethyl- 
 57 Phenol, 2,4,6-trimethyl- 
 61 Phenol, 2,3,5,6-tetramethyl- 
 65 Benzaldehyde, 3-methoxy- 
 66 Phenol, 2,4,5-trimethyl- 
 77 1,2,4-Trimethoxybenzene 
 88 Benzaldehyde, 3,4-dimethoxy- 
 89 2,4,6-Trimethoxytoluene 
 98 Benzaldehyde, 2,4,5-trimethoxy- 
 113 3-Hydroxy-4-methoxycinnamic acid 
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Table 6.8 continued 
Group ID# Tentative compound 
N-containing 
aromatics 
47 Phenol, 2-(1-methylethyl)-, methylcarbamate 
58 Phenol, 3-(dimethylamino)- 
 67 1H-Indole, 1-methyl- 
 69 Isoquinoline, 1,2,3,4-tetrahydro- 
 76 1H-Indole, 1,2-dimethyl- 
 78 1,3,5-Triazine-2,4,6(1H,3H,5H)-trione, 1,3,5-trimethyl- 
 81 1H-Isoindole-1,3(2H)-dione, 2-methyl- 
 93 2,3,7-Trimethylindole 
 
 
Thermochemolysis of soil yielded approximately 11% total quantified peak area (TQPA; 
Figure 6.10) as MAH compounds and 6% as PAH compounds. Compounds in the 
MAH category included benzene, sytrene, xylene and (C2 to C5) n-alkylbenzenes. The 
most abundant MAH found was p-xylene 14, 0.42% TQPA). Compounds in the PAH 
category included indene, fluorene, naphthalene, pehnanthrene and their derivatives 
(Figure 6.10). The most abundant PAH compound found was 1-methyl-1H-Indene 
(#52, 0.92% TQPA) followed by 4-methyl-9H-fluorene (#108, 0.83% TQPA).  
Fatty acid methyl esters (FAME) were the most abundant group, accounting for 27% 
TQPA (Figure 6.9). Compounds in this group mostly consisted of derivatives of 
monocarboxylic acid (e.g. #6, #17, #31). Fatty acid derivatives from dicarboxylic acid 
(e.g. #34, #63, #104) and benzoic acid (e.g. #44, #68, #96) were also found. Overall, 
this group was dominated by unsaturated FAME varying in length of the C-chain from 
C6 to C20. There was more FAME with an even number of C in the C-chain compared 
to odd numbers of C in the C-chain. There was also a greater abundance of long-chained 
FAME than short-chained FAME (C4 to C9). Fatty acid methyl esters that were in 
greatest abundance include butanedioic acid dimethyl ester (#34), benzoic acid, methyl 
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ester (#44), nonanoic acid ethyl ester (#79), octanedioic acid dimethyl ester (#84), 
octadecanoic acid, 9,10-dihydroxy-, methyl ester (#85) and nonanedioic acid dimethyl 
ester (#95). These compounds indicate contributions from cell wall material either from 
fine roots or plant. The abundance of aliphatic hydrocarbons (alkane/alkene) was small 
possibly due to methylation thereby transforming them into FAME compounds. 
The abundance of N-containing compounds (10% TQPA) was considerable. Half of the 
compounds identified were cyclic N-derivatives including pyrrole, indole, triazine and 
isoquinoline. The most abundant N-containing compounds included: 1-methyl-1H-
indole (#67), 1,2,3,4-tetrahydro-isoquinoline (#69), 1,2-dimethyl-1H-indole (#76), 
2,3,7-trimethylindole (#93) and 1,3,5-trimethyl- 1,3,5-triazine-2,4,6(1H,3H,5H)-trione 
(#78) (Figure 6.11).  
The group of O-containing compounds was the second most abundant group of 
compounds (23% TQPA). Compounds identified included phenol (#27), phenol 
derivatives (C2 to C4), a series of n-methoxybenzenes (C2 to C4), benzaldehyde and a 
series of short-chained (C1 to C3) methoxybenzaldehydes (Figure 6.11). The abundance 
of this group is not unexpected as these compounds are mostly derived from 
polysaccharides and lignin, both of which are major components of SOM. Compounds 
derived from lignin are typified by 3-hydroxy-4-methoxycinnamic acid (#113), methoxy 
benzene with various alkyl substitutions such as benzoic acid methyl ester (#44) and 3-
methoxy-methyl ester (#73). Furan derivatives such as 2,5-dimethyl-furan (#10) are also 
derived from polysaccharides.  
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Figure 6.10: Heatmaps showing relative peak area (%RQPA) of compounds identified 
in soil collected from Pettmans and Poddy (three plots for each site), before and after 
fire. Compounds were categorised into (a) monocyclic aromatic hydrocarbons, (b) 
polycyclic aromatic hydrocarbons, and (c) fatty acid methyl esters. Details of 
compounds identified (ID) are provided in Table 6.8 and Supplementary Table 6.2. 
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Figure 6.11: Heatmaps showing relative peak area (%RQPA) of compounds identified 
in soil collected from Pettmans and Poddy (three plots for each site), before and after 
fire. Compounds were categorised into (a) N-containing compounds (b) O-containing 
compounds. Details of compounds identified (ID) are provided in Table 6.8 and 
Supplementary Table 6.2. 
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The relative peak area of all groups of compounds quantified (based on silhouette width) 
are shown in a heatmap for comparison of soil samples among sites, plots and prescribed 
burning (i.e. pre- and post-fire collections; Figures 6.11 and 6.12). Permutation analysis 
of variance using relative peak area of each compound showed that, site, fire (before and 
after fire) and their interaction did not have a significant effect on the chemical 
composition of soil (MANOVA, P = 0.092, 0.065 and 0.661, respectively; Table 6.9). 
This indicates that, for the top 10 cm of soil, prescribed burning did not change the 
chemical composition of SOM, and SOM characteristics were similar between sites 
before and after fire.  
Table 6.9: Result of a permutation MANOVA testing the effect of site and prescribed 
burning (‘Fire’) on the composition of soil organic matter in the 0–10 cm soil layer. R2 is 
the percentage of variance explained by the factor. 
 Degrees of 
freedom 
Sum of 
squares 
Mean of 
squares 
F 
statistics 
R2 P value 
Site 1 657.2 657.2 1.878 0.147 0.092 
Fire 1 802.1 802.1 2.292 0.179 0.065 
Site × Fire 1 223.1 223.1 0.638 0.050 0.661 
Residual 8 2799.9 350.0  0.625  
Total 11 4482.3   1.000  
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6.4 Discussion 
The use of two complementary analytical techniques in this study showed that pyrOM-
C can be detected in soil affected by prescribed fire. Different information was revealed 
from the two techniques: (1) the MIR model calibrated with the KMD digestion was 
used to quantify concentrations of pyrOM-C in soil, (2) THM-GC/MS provided details 
about the molecular composition of organic material in soil including the potential 
sources for pyrOM, plant material and microbial biomass. 
6.4.1 Quantification of pyrogenic organic matter in soil  
From the seven soil profiles collected across the landscape, the average concentration of 
pyrOM-C in the soil profile predicted from MIRKMD-Cubist model was 0.63% or 21.3% 
when expressed as a proportion of total C. The concentration of pyrOM-C in soil was 
within the range for Australian soil reported by Skjemstad et al. (1999) of up to 2.16% 
determined for bulk soil using NMR. Normalising the concentration of pyrOM-C as a 
proportion of total soil C provides a more useful indicator for comparison with other 
studies. The proportion of pyrOM-C/total C found in this study is in agreement with 
the range reported for Australian soils (based on more than 400 soil profiles) by 
Lehmann et al. (2008). It is lower than soil from New South Wales (32.9%) and 
Queensland (31.5%) but higher than soil from the Northern Territory (13.9%). This is 
not unexpected as the type of vegetation and disturbance history, including fires, differs 
enormously within and among states. 
When compared to other ecosystems (Table 6.10), the proportion of pyrOM-C/total C 
found for soil in this study was similar to peatland soil as determined by thermal 
oxidation (2–30%; Leifeld et al. 2007), but was greater than reported for most other fire-
prone areas. This includes data from soil collected from cropland and forest plantations 
in North-western Spain determined using molecular markers (1.2–2.3%; Llorente et al. 
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2010), abandoned agricultural land from Mediterranean shrubland determined using 
dichromate oxidation (8.6%; Rovira et al. 2009) and agriculture land managed with 
slash-and-burn as determined using dichromate oxidation (3–7%; Rumpel et al. 2006). 
The proportion of pyrOM-C/total C in soil from temperate eucalypt forest in this study 
was much greater than soil collected from areas of historical wildfires in Scot Pine forest 
in Siberia as determined by quantification of BPCA molecular markers (<0.02%; 
Czimcik et al. 2005). Potentially this is due to varying environmental factors, such 
climatic conditions, vegetation type and fire regimes, all of which can affect soil C. In 
addition, estimation of the amount of pyrOM is dependent on the method used. 
Quantification of pyrOM using dichromate oxidation can be overestimated (Hammest et 
al. 2007; Knicker et al. 2007), while quantification using the BPCA molecular marker 
can be underestimated (Hammes et al. 2007). Therefore, it still remains unclear how 
much pyrOM contributes to the amount of C in soil. However, this study has 
highlighted that in temperate eucalypt forest a large component of soil C is of pyrogenic 
origin. 
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Table 6.10: The percentage of carbon (C) in pyrogenic organic matter as a proportion of total soil carbon (pyrOM-C/total C) measured for 
soil (<2 mm) as reported in the literature. 
Study Vegetation type Fire type Time since fire Method of 
detection 
Soil depth/ 
horizon 
pyrOM-C/total 
C (%) 
Czimcik et al. 
(2005) 
Siberian Scot Pine 
forest 
Wildfires 6, 16, 16 and 
140 years  
BPCA1 n/a <0.02 
Rumpel et al. (2006) Steep slope 
agriculture land 
Slash-and-burn n/a Dichromate 
oxidation2 
A, B and C 
horizon 
3–7 
Eckmeier et al. 
2007a) 
Temperate 
deciduous forest 
Slash-and-burn Immediately 
and 1 year  
MIR-DRIFT3 Various depths 
to 5 cm 
2.8–3.4 
Leifield et al. (2007) Peatland n/a n/a Differential 
scanning 
calorimeter3 
Various depths 
to140 cm 
2–30 
Rovira et al. (2009) Mediterranean 
shrubland, 
previously cropland 
Wildfires 9–32 years Dichromate 
oxidation4 
0–5 cm 8.6 
Llorente et al. 
(2010) 
Cropland and forest 
plantation 
n/a n/a BPCA 0–10 cm 12–23 
This study Mixed eucalypt 
forest 
Prescribed fire 1 week, 1 
month , 1 year 
MIRKMD-Cubist Various depths 
up to 90 cm 
10– 23 
1 Benzene polycyclic carboxylic acid, digested with nitric acid at 170 °C, high pressure (Glaser et al. 1998) 
2 Chemical digestion with dichromate and sulphuric acid at 60 °C (Bird and Gröcke 1997) 
3 Mid-infrared transformed infrared spectroscopy (Viscarra Rossel et al 2006; Janik et al. 2007), digestion method not mentioned 
4 Thermal oxidation at 520 °C (Leifield et al. 2007) 
5 Two steps digestion with hydrofluoric acid at 60 °C then with potassium dichromate at room temperature (Wolback and Anders 1989) 
n/a refers to information not available from the literature 
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6.4.2 Pyrogenic carbon in soil after fire 
Immediately after prescribed fire, the concentration of pyrOM-C in soil was not 
significantly different from soil collected prior to the fire. In addition, concentrations 
of pyrOM-C were not related to the spatial variation of pyrOM-C before fire and did 
not change appreciably with time since fire (from 1 week to 1 year post-fire). This 
result was consistent with findings from other studies based on differences in fire 
regime, sampling time and type of ecosystem. For example, repeated prescribed fires 
in temperate mixed-grass savannah did not significantly change pyrOM-C 
concentration for soil collected 2 years after fire (Dai et al. 2005). The frequency of 
wildfire has also been shown to have limited influence of amounts of pyrOM-C in 
soil, including two wildfires in 25 years in Mediterranean shrub land (Rovira et al. 
2009) and up to seven wildfires in Scot Pine forest (Czimczik et al. 2005). However, 
Eckmeier et al. (2007a) found increases in pyrOM-C in the top 1 cm soil 1 year after 
slash-and-burn in temperature deciduous forest, but no change at 5 cm depth. 
Altogether, this indicates that there are factors other than fire regime regulating the 
input of pyrOM in soil. In addition, detection of changes in pyrOM can also be 
limited by the depth of soil sampled. The top 10 cm soil were examined in this study, 
if the effect is only observable in the top 1 cm (e.g. Eckmeier et al. 2007a), any effect 
caused by fire may have been ‘diluted’. A similar limitation related to sampling depth 
was also found for other pools of soil C (see Chapter 3). Examining soil using smaller 
increments of depth (e.g. 1–2 cm) is recommended for future studies related to 
impacts of fire on soil C. 
Vertical migration by leaching is one pathway for pyrOM to enter the soil matrix; 
however, the process is slow. In a biochar application study, less than 0.5% of the 
amended biochar was incorporated into soil after 2 years (Major et al. 2010). Leifeld 
et al. (2007) reported a greater rate of vertical migration for peatland soil after fire. 
However, both of these amounts are minimal when compared to the spatial variation 
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of pyrOM-C demonstrated in this study (80% coefficient of variation). In addition, 
pyrOM deposited on the forest floor after fire is susceptible to wind erosion, surface 
runoff and microbial decomposition (Chapters 4 and 5) indicating that inputs into 
soil may be reduced prior to incorporation into the soil profile. Pyrogenic OM can be 
mixed into the soil profile through activity of soil fauna by perturbation of burrowing 
fauna as found in tropical regions (Topoliantz and Ponge 2003; Ponge et al. 2006; 
Topoliantz et al. 2006). In most of our study sites, there was evidence of some 
mixing of pyrOM by ants (e.g. see Supplementary Figure 6.4) but areas of influence 
were very small and isolated and did not result in an increase of pyrOM-C in soil 
even 1 year after fire. Further investigation of the fate of pyrOM produced during 
fire needs to be conducted if we are to fully understand and interpret the turnover of 
pyrogenic C. 
6.4.3 Molecular characterisation of soil organic matter  
THM-GC/MS was used to elucidate the chemical composition of organic matter 
inputs to soil under mixed eucalypt forest. For the soil collected from the two 
selected sites (Pettmans and Poddy), THM-GC/MS revealed that the chemical 
composition of soils was similar. Plant-derived SOM in soil from the two sites was 
largely composed of fresh OM, rather than aged and decayed OM, as indicated by 
the presence of indole (Buurma and Roscoe 2011; Carr et al. 2013). The presence of 
several molecular markers for lignin (#77, #88, #89) as well as a high abundance of 
phenol, indicated a considerable amount of lignin in SOM. 3,5-dimethoxy-methyl 
ester benzoic acid (#96) can be derived from lignin material with a guaiacyl structure 
and 2,4,6-trimethoxytoluene (#89) indicates a lignin-syringyl structure (Chefetz et al. 
2002). There were more FAME with an even number of C in the C-chain compared 
to odd numbers of C in the C-chain which indicates an input of plant-derived 
aliphatic biopolymers such as cutin, cutan (del Rio et al. 1998; McKinney 1996) and 
suberin (Nierop 1998) from aboveground plant parts. Compounds representing 
active pools of C such as fine root material, microbial biomass and polysaccharides 
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were also found as indicated by the abundance of fatty acids (Huang et al. 1998; 
Mehrabanian 2013). 
To the best of my knowledge, there is no data published regarding the use of THM-
GC/MS to analyse the modification of soil by recent fire. Therefore, as the closest 
comparison, data from this study were also compared to the results of PY-GC/MS of 
soil in the literature. Compounds grouped as MAHs (e.g. indene and p-xylene) and 
PAHs (e.g. phenanthrene) were found for soil from both Pettmans and Poddy (about 
10% TQPA), both before and after fire, indicating the presence of pyrOM. 
However, the relative abundance was much less than the amount report for soil and 
sediments rich in pyrogenic C (Kaal et al. 2014). As an indicator of the minimal 
effect of prescribed fire on alteration of soil composition, soil collected after fire did 
not have greater abundance of PAHs compared to pre-fire soil and benzonitrite, a 
proposed indicator of pyrogenic OM, remained absent. The lack of changes in the 
nature of pyrOM as detected by PY-GC/MS was consistent with Alexis et al. (2012). 
Soil collected from four different time points (up to 20 years) since prescribed fire 
showed no change in relative abundance of PAHs.  
In addition to changes in abundance of PAHs, modification of soil by fire can also be 
indicated by changes in the relationship between lignin- or polysaccharide-derived 
compounds. For example, De la Rosa et al. (2012) found that for soil collected from 
pine and eucalypt plantations after wildfire, PAH compounds associated with 
pyrOM showed negligible changes in abundance or type but there were marked 
changes in lignin compounds which suggested indirect modification via a change in 
plant input. However, in this study as revealed with THM-GC/MS, the organic 
components of soil, including plant- and microbial-derived OM, were not affected by 
prescribed fire. This was consistent with results from Chapter 3 which showed no 
change in the labile and microbial pool of C and N for Pettmans and Poddy before 
and at 1 week after fire. Altogether, it is likely that there was no thermal alteration of 
SOM during the prescribed burn, and there was no immediate incorporation of 
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pyrOM from the fire into the mineral soil. Potentially, this could be due to low fire 
intensity and minimal soil heating. 
6.4.4 Usefulness of techniques used 
 
The two techniques used in this study were based on some commonly used methods 
and modified to allow better analytical performance and greater efficiency of time. 
The pros and cons for using both techniques are summarised in Supplementary 
Table 6.3 and the following paragraphs highlight the key advantages and 
disadvantages of each technique.  
The KMD digestion was chosen for this study because of the limited use of 
hazardous chemicals and strong digestion conditions that are required for other 
chemical digestion methods such as dichromate oxidation (Wolback and Anders 
1989; Bird and Gröcke 1997) and BPCA (Glaser et al. 1998; Brodowski et al. 
2005b). Results from the calibration processes (Table 6.2) showed that the KMD 
digestion was able to distinguish C derived from pyrOM produced during prescribed 
fire from thermally-unaltered C in soil. However, the KMD digestion 
underestimated the concentration of pyrOM-C in the spiked soil (Figure 6.2) by 
26% (74% recovery). Soucémarianadin et al. (2014) also found that when digesting 
artificially-made pyrOM produced at different temperatures and from different fuel 
types, KMD digestion underestimated the concentration of pyrOM-C by between 
27–80% and the discrepancy was greater for pyrOM produced at lower temperatures 
(i.e. less charred pyrOM). The dichromate oxidation method also underestimated the 
concentration of pyrOM-C due to some degradation of pyrOM-C during acid 
oxidation and different resistance to acid oxidation among different types of pyrOM 
(Knicker et al. 2007; Suárez-Abelenda et al. 2014). A conversion factor may need to 
be applied to data obtained from KMD digestion but further investigation is needed 
to determine conversions that are suitable for a range of classes of thermally-altered 
pyrOM, each with different characteristics. 
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Using a MIR-based model to predict concentrations of pyrOM-C can save time and 
labour whilst maintaining measurement accuracy. The time needed for KMD 
digestion was at least 16 h (Kurth et al. 2006) and more time is required if digestion 
is not completed as indicated by the presence of effervescence. This digestion time is 
much longer than 6 h required for dichromate oxidation (Wolback and Anders 1989; 
Bird and Gröcke 1997) and 8 h for BPCA (Glaser et al. 1998; Brodowski et al. 
2005b). However, a minimum of only 25% of the sample set is needed for 
constructing a MIR model, therefore applying MIR to KMD digestion is a time-and-
cost effective method. 
In addition, the MIRKMD-Cubist analysis showed excellent correlation between 
pyrOM measured by KMD digestion and prediction based on MIR spectra. This 
correlation was higher than PLSR models based pyrOM-C measured using NMR 
(Janik et al. 1998; Ludwig et al. 2008; Baldock et al. 2013) and BPCA (Bornemann 
et al. 2008) (Table 6.11). This is potentially due to the use of spiked soil for a 
calibration sample set in this study, whereas other studies used “real” soil with greater 
natural variability in soil characteristics. For further application of the MIRKMD-
Cubist model developed in this study, a larger sample size should be used as the 
calibration set to build up a more robust model that encompasses a greater range of 
pyrOM-C and soil characteristics. Nevertheless, MIR analysis has been found to be 
suitable for predicting a range of soil properties such as total C, soil moisture and pH 
(Janik et al. 1998). These soil properties are also commonly measured for soil from 
fire-affected areas; therefore applying MIR to soil analysis has the potential to provide 
great benefit. 
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Table 6.11: Use of validation models based on mid-infrared (MIR) for quantification of carbon in pyrogenic organic matter (pyrOM-C). Nuclear 
magnetic resonance, partial least square regression, benzenecarboxylic polyaromatic, leave-one out validation and Kurth-McKenzie-DeLuca 
digestion method are referred to as NMR, PLSR, BPCA, LOOCV and KMD, respectively. 
Measurement 
method 
Training sample set Range of pyrOM-C  
(mg pyrOM-C g soil-1) 
Validation model Calibration  
spectra (n) 
R2 Source 
NMR  Soil collected from 
Norway spruce forest 
 
0.27–80.2  PLSR, cross 
validation 
 
56 0.95 Ludwig et al. (2008) 
NMR Agricultural soil 0.2–20.3 PLSR-random 
cross validation 
 
312 0.85 Baldock et al. (2013) 
BPCA Soil subjected to 
anthropogenic pyrC 
input 
 
6.17–114.20 PLSR,  
LOOCV 
309 0.84 Bornemann et al. (2008) 
KMD Soil spiked with 
pyrOM produced 
during prescribed fire 
2.79–76.64  Cubist, LOOCV 43 0.99 This study 
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THM-GC/MS generated comprehensive information about the molecular 
composition of soil before and after prescribed fire. A particular advantage was that 
an abundance of FAMEs were identified which would otherwise not have been 
detected using PY-GC/MS methods due to the methylation of polar molecules (de 
Rio et al. 1998; Gallois et al. 2007). However, there was some uncertainty about the 
information obtained from THM-GC/MS for fire-affected soil. The proposed 
indicator molecules for pyrOM are aromatic compounds (Ross 2005; Rumpel 2007; 
Kaal and Rumpel 2009); however, these compounds are also occur naturally in SOM 
as they are derived from microbial and plant biomass (del Rio et al. 1998; Gallois et 
al. 2007; Shadkami et al. 2010; Kaal et al. 2012). The presence of aromatic 
compounds in this study was only an indication of potential pyrogenic 
transformation but their origin is not certain.  
Applying the unsupervised clustering algorithm (MSeasy) for post-data processing 
considerably reduced the time required for removal of peaks caused by background 
noise. This method was only recently developed (Nicolè et al. 2012) and has been 
used successfully to identify volatile organic compounds (Courtois et al. 2012). 
However, it was not as useful for interpreting data from soil samples generated from 
THM-GC/MS or even PY-GC/MS analyses. This is because both of these techniques 
involve pyrolysis which can generate consider quantities of isomers. Despite having 
the same molecular weight, isomers can have varying retention time when detected 
by the GC column. This small difference in retention time can violated criteria set 
for MSeasy (<0.1 min) resulting in the peak not being included in the list of selected 
compounds. Manual checking on the compound is still needed when interpreting 
THM-GC/MS or PY-GC/MS data using the unsupervised clustering method.  
In conclusion, both KMD-MIR and THM-GC/MS are potentially useful techniques 
for understanding the nature, amount and fate of pyrOM in soil. Both methods 
indicated that there were no changes in pyrOM-C in soil with time since fire up to a 
year after fire suggesting that a single prescribed fire does not have a significant 
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impact on the pyrogenic pool of soil C. The limitations of both of the methods need 
to be acknowledge and further work examining bushfire and successive prescribed 
fires is needed to validate these methods. 
 
6.5 Supplementary Tables and Figures 
 
Supplementary Table 6.1: Sampling layout for profile sampling (Sample set 1). 
Where possible soil was collected from each soil depth ‘✓’; At some sites shallow soil 
profiles resulted in not all depths being able to be sampled‘✕’.  
Depth  
(cm) 
Frogs 
Hollow 
Sandy 
Point 
South 
Boundary 
Gravel Oliver Patrol Poddy Sample 
size (n) 
0–5 ✓ ✓ ✓ ✓ ✓ ✓ ✓ 7 
5–10 ✓ ✓ ✓ ✓ ✓ ✓ ✓ 7 
10–20 ✓ ✓ ✓ ✓ ✓ ✓ ✓ 7 
20–30 ✓ ✓ ✓ ✓ ✓ ✓ ✓ 7 
30–50 ✓ ✓ ✓ ✓ ✓ ✓ ✓ 7 
50–70 ✕ ✕ ✕ ✓ ✓ ✓ ✓ 4 
70–90 ✕ ✕ ✕ ✓ ✓ ✕ ✕ 2 
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Supplementary Table 6.2: Compounds identified in soil collected from Pettmans and 
Poddy before and after fire (Sample set 3). Compounds are categorised into groups 
including monoaromatic hydrocarbons (MAH), polyaromatic hydrocarbons (PAH), 
fatty acid methyl esters (FAME), O-containing compounds (O) and N-containing 
compounds (N). Identification numbers (ID#) are provided. 
Compound  
ID (#) 
Tentative compound Retention 
time (min) 
Group 
 
1 Methyl propionate  0.24  FAME 
2 Methyl 3-butenoate  1.20  FAME 
3 1-Propanamine, 3-ethoxy-  1.29  N 
4 2,4-Hexadien-1-ol  1.88  O 
5 Butanoic acid, 3-methyl-, methyl ester  2.57  FAME 
6 3-Pentenoic acid, methyl ester  3.45  FAME 
7 1H-Pyrazole, 1,3,5-trimethyl-  3.60  N 
8 Pentanoic acid, methyl ester  3.86  FAME 
9 Furan, 2-(methoxymethyl)-  3.99  O 
10 Furan, 2,5-dimethyl-  4.05  O 
11 Ethylbenzene  4.86  MAH 
12 Benzene, 1,3-dimethyl-  5.06  MAH 
13 Styrene  5.64  MAH 
14 p-Xylene  5.70  MAH 
15 o-Xylene  5.86  MAH 
16 Ethanone, 1-(2-furanyl)-  6.25  O 
17 5-Hexenoic acid, methyl ester  6.31  FAME 
18 Benzene, 1-ethyl-3-methyl-  6.59  MAH 
19 Hexanoic acid, methyl ester  6.66  FAME 
20 7-Nonynoic acid, methyl ester  6.79  FAME 
21 1-Methoxy-1,3-cyclohexadiene  6.99  O 
22 Butanoic acid, 4-methoxy-, methyl ester  7.09  FAME 
23 L-Serine, O-(phenylmethyl)-  7.39  O 
24 Benzaldehyde  7.53  O 
25 2-Furancarboxaldehyde, 5-methyl-  7.65  O 
26 1H-Pyrrole, 2,3,5-trimethyl-  7.88  N 
27 Phenol  8.20  O 
28 Benzene, (methoxymethyl)-  8.28  O 
29 DL-Glyceraldehyde, dimethyl ether  8.33  O 
30 1H-Pyrrole-2-carboxaldehyde, 1-methyl-  8.73  N 
31 6-Heptenoic acid, methyl ester  9.03  FAME 
32 Benzene, 2-propenyl-  9.24  MAH 
33 4N-Methylcytosine  9.37  N 
34 Butanedioic acid, dimethyl ester  9.49  FAME 
35 2-Cyclopenten-1-one, 2,3-dimethyl-  9.56  O 
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Supplementary Table 6.2 continued  
Compound 
 ID (#) 
Tentative compound Retention 
time (min) 
Group 
 
36 Indene  9.68  PAH 
37 2H-Pyran-2-one, tetrahydro-6-nonyl-  9.79  O 
38 2-Butanone, 4-(2,6,6-trimethyl-2-cyclohexen-1-
yl)- 
 10.15  O 
39 Acetophenone  10.23  O 
40 Butanedioic acid, methyl-, dimethyl ester  10.29  FAME 
41 Butanamide, 3-isobutyrylhydrazono-N-(4-me  10.41  N 
42 Benzene, 2-butenyl-  10.63  MAH 
43 Benzene, 1-methyl-2-(1-methylethyl)-  10.68  MAH 
44 Benzoic acid, methyl ester  10.91  FAME 
45 Isoquinoline, 1,2,3,4-tetrahydro-2-[(4-
methylphenyl)sulfonyl]- 
 10.97  N 
46 Benzene, 1-methoxy-2,3-dimethyl-  11.22  O 
47 Phenol, 2-(1-methylethyl)-, methylcarbamate  11.34  N 
48 1H-Pyrrole, 2,3,4,5-tetramethyl-  11.70  N 
49 Benzenemethanol, 4-(1-methylethyl)-  11.97  O 
50 Phenol, 3,5-dimethyl-  12.13  O 
51 Benzene, 1-ethenyl-4-methoxy-  12.21  O 
52 1H-Indene, 1-methyl-  12.26  PAH 
53 Benzene, 1,4-dimethoxy-  12.46  O 
54 2-Methoxybenzyl alcohol  12.55  MAH 
55 2-Cyclohexen-1-ol, 2-methyl-5-(1-
methylethenyl 
 12.71  O 
56 Phenol, 2,3-dimethyl-  12.78  O 
57 Phenol, 2,4,6-trimethyl-  13.32  O 
58 Phenol, 3-(dimethylamino)-  13.44  N 
59 3(2H)-Furanone, 4-methoxy-2,5-dimethyl-  13.66  O 
60 Nonanoic acid, methyl ester  13.75  FAME 
61 Phenol, 2,3,5,6-tetramethyl-  13.87  O 
62 Benzene, pentamethyl-  13.98  MAH 
63 Hexanedioic acid, dimethyl ester  14.17  FAME 
64 Pulegone  14.29  O 
65 Benzaldehyde, 3-methoxy-  14.39  O 
66 Phenol, 2,4,5-trimethyl-  14.62  O 
67 1H-Indole, 1-methyl-  14.72  N 
68 Benzenepropanoic acid, methyl ester  14.83  FAME 
69 Isoquinoline, 1,2,3,4-tetrahydro-  14.91  N 
70 2-Allyl-4-methylphenol  15.04  O 
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Supplementary Table 6.2 continued 
Compound 
ID (#) 
Tentative compound Retention time 
(min) 
Group 
 
71 L-2-Acetamidoglutaramic acid  15.28  MAH 
72 1,2,3,4-Tetrahydroisoquinolin-6-ol-1-carboxylic 
acid 
 15.65  N 
73 Benzoic acid, 3-methoxy-, methyl ester  16.09  FAME 
74 Heptanedioic acid, dimethyl ester  16.17  FAME 
75 Ricinoleic acid methyl ester  16.27  FAME 
76 1H-Indole, 1,2-dimethyl-  16.60  N 
77 1,2,4-Trimethoxybenzene  16.68  O 
78 1,3,5-Triazine-2,4,6(1H,3H,5H)-trione, 1,3,5-
trimethyl- 
 16.88  N 
79 Nonanoic acid, ethyl ester  17.18  FAME 
80 Benzene, 1,3,5-trimethoxy-  17.39  O 
81 1H-Isoindole-1,3(2H)-dione, 2-methyl-  17.64  N 
82 Dimethoxyamphetamine, 2,5-  17.89  MAH 
83 Naphthalene, 1,3-dimethyl-  17.96  PAH 
84 Octanedioic acid, dimethyl ester  18.06  FAME 
85 Octadecanoic acid, 9,10-dihydroxy-, methyl 
ester 
 18.13  FAME 
86 Naphthalene, 1,7-dimethyl-  18.24  PAH 
87 Tetraethylene glycol monododecyl ether  18.59  O 
88 Benzaldehyde, 3,4-dimethoxy-  18.67  O 
89 2,4,6-Trimethoxytoluene  18.79  MAH 
90 Benzyl alcohol, α-isobutyl-2,4,6-trimethyl-  18.86  O 
91 Geranyl isovalerate  18.94  FAME 
92 Dodecanoic acid, methyl ester  19.42  FAME 
93 2,3,7-Trimethylindole  19.58  N 
94 Benzenemethanol, 3,4,5-trimethoxy-  19.65  O 
95 Nonanedioic acid, dimethyl ester  19.82  FAME 
96 Benzoic acid, 3,5-dimethoxy-, methyl ester  20.38  FAME 
97 Fluorene  20.47  PAH 
98 Benzaldehyde, 2,4,5-trimethoxy-  20.79  O 
99 9-Hydroxy-decanoic acid, methyl ester  20.97  FAME 
100 9H-Xanthene  21.10  PAH 
101 1,2-Dimethoxy-4-(2-methoxyethenyl)benzene  21.18  O 
102 α-Santonin  21.29  PAH 
103 Acetamide, N-(3,4,5-trimethoxyphenethyl  21.36  O 
104 Decanedioic acid, dimethyl ester  21.49  FAME 
105 Benzene, 1,2,4-trimethoxy-5-(1-propenyl)-, (Z)-  21.55  O 
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Supplementary Table 6.2 continued 
Compound 
ID (#) 
Tentative compound Retention 
time (min) 
Group 
 
106 2',3',4' Trimethoxyacetophenone  22.05  MAH 
107 Phenol, 4-chloro-5-methyl-2-(1-
methylethyl)- 
 22.23  MAH 
108 9H-Fluorene, 4-methyl-  22.36  PAH 
109 Spiculesporic acid  22.92  O 
110 Phenanthrene  23.62  PAH 
111 Phenanthrene, 9,10-dihydro-1-methyl-  24.26  PAH 
112 α-Methylstilbene  24.35  MAH 
113 3-Hydroxy-4-methoxycinnamic acid  24.57  O 
114 Acridine, 9,10-dihydro-9,9-dimethyl-  24.70  N 
115 Hexadecanoic acid, methyl ester  25.14  FAME 
116 Hexadecanoic acid, ethyl ester  26.11  FAME 
117 Hexadecanoic acid, 15-methyl-, methyl ester  26.54  FAME 
118 Heptadecanoic acid, methyl ester  26.67  FAME 
119 Oleic Acid  27.80  FAME 
120 Methyl 15-acetoxyhexadecanoate  28.74  FAME 
121 S-Indacene-1,7-dione, 2,3,5,6-tetrahydro-
3,3,4,5,5,8-hexamethyl- 
 30.71  O 
122 Eicosanoic acid, methyl ester  30.87  FAME 
123 2,5-Furandione, dihydro-3-octadecyl-  33.26  O 
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Supplementary Table 6.3: Comparison of the two techniques used in this study: (1) 
Cubist prediction model (MIRKMD-Cubist) based on mid-infrared spectroscopy (MIR) 
and calibrated using the Kurth-McKenzie-DeLuca digestion method (KMD); (2) 
Thermochemolysis gas chromatography mass spectrometry (THM-GC/MS) using 
tetramethylammonium hydroxide. 
 MIRKMD-Cubist THM-GC/MS 
Application in this 
study 
Quantification of pyrogenic C 
in soil 
 
Identification of molecular 
composition of soil and semi-
quantitative comparison among 
soils 
 
Principle of 
detection organic 
and pyrogenic 
compounds 
During the KMD digestion, C 
fraction that is resistant to acid 
oxidation is assumed to be 
pyrogenic C. 
 
For MIR, infrared radiation is 
absorbed by organic molecules 
and converted into energy of 
molecular vibration and, when 
the radiant energy matches the 
energy of a specific molecular 
vibration, energy absorption 
occurs 
 
During thermochemolysis, 
specific bonds in 
macromolecules are cleaved by 
heat energy into smaller 
fragments and these pyrolysis 
products are then detected and 
analysed by GC/MS. 
Summary of 
procedure (see 
Section 6.2 for 
detail) 
1. Obtain measurement for 
training sample set using KMD 
digestion 
2. Obtain MIR spectra for the 
training sample set 
3. Develop calibration model 
using Cubist 
4. Validate calibration model 
using leave-one-out cross-
validation 
5. Obtain spectra for predictive 
sample set 
6. Predict soil data using the 
calibrated Cubist model 
 
1. Perform THM-GC/MS to 
obtain TIC 
2. Post-process GC/MS data 
using unsupervised clustering 
method 
3. Identify selected compounds 
by comparing mass spectra 
against the Mass Spectral 
Database based on the major 
fragmented ions and relative 
intensity 
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Supplementary Table 6.3 continued. 
 MIRKMD-Cubist THM-GC/MS 
Advantages of this 
method compare 
to the 
conventional 
methods 
Saves time without reducing 
the accuracy of the method. 
Using MIR prediction 
requires only 25% of the 
samples being used for actual 
measurements therefore 
avoiding the need for 
digesting all samples 
 
The soil spectra obtained can 
be used to infer other soil 
attributes 
 
 
Compared to pyrolysis, some 
poloar molecules were detected 
only when using THM-GC/MS 
 
In this study, 479 compounds 
were identified among soil 
samples. Conventional manual 
post-processing requires that 
compounds are assessed 
individually. Using MSeasy and 
an unsupervised clustering 
method, 123 compounds were 
selected to fit the criteria for good 
peak quality suitable for further 
identification 
 
Can this method 
differentiate 
pyrOM-C from 
thermally-
unaltered C? 
 
Yes but may underestimate 
concentration of pyrOM-C 
 
Potentially yes but only indicative, 
as aromatic compounds also exist 
in soil organic matter. The effect 
of prescribed fire on aromatic 
compounds was not large enough 
to detect a difference in chemical 
composition 
 
Limitation or 
uncertainty 
Data collected from KMD 
digesting underestimates 
concentration of pyrOM-C 
in soil by 26% 
 
 
Data is only semi-quantitative and 
not directly comparable with 
other pyrolysis studies. 
There are no molecular markers 
for pyrOM-C, aromatic 
compounds were indicative (not 
absolute) in soil matrix. 
Compared to manual data 
interpretation, some compounds 
were not selected by automatic 
software. These compounds are 
mostly isomers which had slightly 
different retention time (>0.1 
min, which then rejected by the 
default setting of MSeasy 
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Supplementary Table 6.3 continued. 
 MIRKMD-Cubist THM-GC/MS 
Time needed for 
laboratory 
procedures 
Moderate time effort needed 
for supervising chemical 
digestion during the 16 h 
and recovering digested 
residuals. Spectra can be 
affected if soil is poorly 
packed for MIR scanning 
 
Limited effort needed, only 
weighing and transferring soil 
to sample tubes. However, 
analytical runs for each sample 
on the GCMS can exceed one 
hour  
Time needed for 
data 
interpretation  
Moderate time effort needed 
to set up method for 
organising spectra data, 
creating and validating 
models and prediction of soil 
attributes 
 
Considerable time effort 
needed for interpretation of 
>100 compounds for each soil 
sample 
What to do to 
improve method? 
Use reference pyrogenic 
organic material that allows 
comparison with other 
quantitative methods. 
Calibrate with a greater 
range of soil samples 
(without spikes). Analyse the 
residues of digested soil to 
check digestion efficiency 
 
Pre-treatment such as 
application of hydrofluoric 
acid (to dissolve silicate) to 
remove mineral soil to obtain 
a stronger signal related to 
SOM or pyrOM, however 
this pre-treatment has its own 
disadvantages. 
 
 
Recommendation Highly recommended. Also 
recommended to use MIR to 
infer other soil attributes 
using large sample sets 
 
More development work is 
needed to justify the 
usefulness of the technique 
due to the complexity of 
SOM and the very limited size 
of the dataset used in this 
study. 
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Prior to sample measurement, the method detection limit (Zorn et al. 1997, 1999) 
for the Elementar CN analyser was determined. This was to ensure that the C 
content detected by the CN analyser at low range (less than 0.1% or 1 mg C g soil-1) 
was within the statistically-detectable limit (95% confidence). The value for the 
method detection limit was calculated using an Ordinary Least Square (OLS) 
regression model as 0.1691%. 
 
 
Supplementary Figure 6.1: Minimum detection limit of the Elementar CN analyser 
using standard soil sample (0.14%, 1.02%, 2.56% and 4.02% C; n = 7). The red 
line indicates the 95% confidence interval. 
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Supplementary Figure 6.2: Concentration (%) of total carbon (C) (red line) and C 
in pyrogenic organic matter (pyrOM-C) (black line) of soil collected from Orbost: 
(a) Frogs Hollow, (b) South Boundary and (c) Sandy Point. 
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Supplementary Figure 6.3: Concentration (%) of total carbon (C) (red line) and C 
in pyrogenic organic matter (pyrOM-C) (black line) of soil collected from Bemm 
River: (a) Gravel, (b) Oliver, (c) Patrol and (d) Poddy. 
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Supplementary Figure 6.4: Invertebrate activity at Poddy at 1 month after fire 
showing how pyrogenic organic matter can be mixed with soil. 
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Chapter 7:  
Synthesis: does fire affect soil carbon? 
7.1 Introduction 
Australia is a fire-prone country and southern Australia is one of the highest fire risk 
areas in the world. In Victoria, in response to the devastating Black Saturday fires of 
2009, a fire management benchmark of burning 5% of public land annually 
(approximately 390 000 ha) was established, aiming to reduce fuel load and hence 
fire risk. Consequently, the total annual area burnt during the 2012/2013 fire season 
was 255 000 ha, twice the area burnt before the establishment of annual targets (e.g. 
138 000 ha was burnt in 2006/2007; Department of Environment and Primary 
Industries 2013). Climate projections for southern Australia indicate a greater chance 
of days of high fire danger conditions such as more hot days and lower rainfall as a 
consequence of the intensified El Niño-Southern Oscillation (Collins et al. 2013; Cai 
et al. 2015; CSIRO and Bureau of Meteorology 2015). The combination of current 
prescribed burning policy and climate change predictions is likely to place land 
managers under even greater pressure to mitigate the risk of bushfires.  
To ensure sustainability of prescribed fire policy and management, environmental 
impacts associated with prescribed burning should be considered. In this thesis, the 
effects of a single prescribed fire on soil carbon (C) dynamics, including the 
formation of pyrogenic organic matter (pyrOM), were studied. Changes in soil 
nitrogen (N) and phosphorus (P) were also investigated. In earlier chapters, changes 
in soil C and nutrient pools after the prescribed fire were described and through the 
use of soil incubation studies, it was demonstrated that pyrOM induced short-term 
stimulation of microbial respiration. The aim of this final chapter is to examine the 
results of my research to provide advice to fire and land managers as they consider the 
risks associated with the trade-off between meeting prescribed burning targets and 
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soil C management. It will also discuss how findings from this research have 
increased our understanding of the impacts of prescribed fire in temperate forests of 
south-eastern Australia. Finally, the future direction of research on prescribed 
burning and pyrOM is discussed and ‘hot’ topics are recommended. 
7.2 Research outcomes and limitations 
7.2.1 Prescribed fire affects soil carbon and nutrient dynamic  
Most studies investigating the impact of fire on soil C have focussed on 
quantification of total C (e.g. Johnson and Curtis 2001; Nave et al. 2011; Volkova 
and Weston 2013; Aponte et al. 2014; Bennett et al. 2014) as suggested in 
International Panel of Climate Change (IPCC) protocols (2003). However, as 
described in Chapter 1, total soil C consists of several pools of C-containing 
compounds each with varying chemical characteristics and roles in C cycling. 
Comparing concentrations of C in a range of soil C pools before and at three time 
points after fire (Chapters 3 and 6), indicated that fire affects soil C dynamics in a 
number of ways. Overall, the effect of fire on soil C depends on the physical and 
chemical characteristics of soil, as well as time since fire (Table 7.1). 
Labile C and microbial biomass represents a small portion of soil C but these pools 
have high turnover rates (range from hours to months) and are essential for 
maintaining soil function. These two components of soil C are most likely to be 
affected by prescribed fire due to their low tolerance to temperatures experienced 
during fires. In addition, these active pools of soil C are more likely to be affected via 
indirect changes than by direct changes during a fire event. The incubation studies 
presented in Chapters 4 and 5 highlight that enhanced microbial activity after fire 
may be partly responsible for the decline in labile C and nutrients found 1 year after 
fire (Chapter 3).  
In contrast to the active C pool, the pool of soil C held as pyrOM did not change 
markedly with time since fire (Chapter 6). The amount of pyrOM in soil varied 
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among sites, but the pyrOM in soil after fire was not related to the condition of the 
soil before fire. This suggests that fire modification is a much larger source of 
variation as compared to the spatial distribution of pyrOM across the landscape 
before fire. During the sampling period for this study (up to 1 year post-fire), total 
soil C was not significantly affected by prescribed fire. It is now generally recognised 
that studies over longer periods of time including variations in the fire regime, such 
as fire interval and burning season, are needed to understand the influence of fire on 
C and nutrient dynamics (Bennett et al. 2014).  
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Table 7.1: Summary of soil carbon (C) pools modified after prescribed fire in temperate Eucalyptus forest.  
C pool1 C pool 
measured2 
Proportion of C pool 
to total soil C3 (%) 
Response after prescribed fire 
Total Total C  Mostly remained unchanged (Chapter 3) possible due to low fire intensity and, hence, minimal heat 
penetration to mineral soil 
 
Active Labile C 0.1–0.3 Changes in labile C found to be time-dependent. Shortly after fire (days), labile C increased due 
deposition of pyrOM (Chapters 4 and 5). As time progressed (months), labile C decreased possibly due 
to depletion by enhanced microbial activity. Concentration of labile C largely varied depending on soil 
characteristics, spatial heterogeneity of C in soil may be even greater than the variation caused by 
prescribed fire (Chapters 3 and 5). 
 
 Microbial 
biomass C 
0.4–3 Microbial biomass remained unchanged after fire (days, months), but was lower in the longer term (1 
year) possibly due to decreased availability of labile C (Chapters 3 and 4). 
 
Passive4 Pyrogenic 
OM-C 
10–20 Total C derived from pyrOM did not change (Chapter 6), but labile C derived from pyrOM provide 
energy source to soil microorganism (Chapter 4). Fire does not increase pyrOM-C in soil, and post-fire 
distribution was not related to pre-fire distribution. Pyrogenic OM provided readily accessible C and 
nutrients to soil microorganism shortly after fire. 
 
Biochemical C loss via 
microbial 
respiration5 
0.03–0.16 C d-1 
standardised moisture 
content, 
0.03–0.22 d-1 field 
moisture  
Microbial respiration increased shortly after fire (days) due to increased labile C and available P 
deposited with pyrOM (Chapter 4). When labile C and P pools exhausted, soil conditions such as 
moisture content became main driver of microbial respiration (Chapter 3). 
1Soil C pool is based on the definition by the Century-C model, version 4 (Mertherell et al. 1993) and refer to Chapter 1 for details of definitions. 2A full 
description of the method for measuring C in each pool is provided in Chapter 3 and Chapter 6. 3The proportion of C pool to total C is the concentration of 
C in an individual C pool divided by total soil C. 4The passive pool of soil C refers to the C derived from pyrogenic organic matter (pyrOM-C). 5Rate of 
microbial respiration was converted from an hourly rate (as presented in Chapter 3) to a daily rate.  
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7.2.2 Pyrogenic organic matter contributes to labile carbon and nutrients in soil 
Pyrogenic OM is generally described as being recalcitrant because it represents C resistant 
to chemical oxidation and biological decomposition (Kuhlbusch and Crutzen 1995; 
Baldock and Skjestmad 2000; Preston and Schmidt 2006; Trumbore 2006; Schmidt et al. 
2011). An intensive incubation study (Chapter 4) was done to test this assumption but, 
because active pools of soil C are likely to be affected by fire (as shown in Chapter 3), soil 
that had not been affected by recent fire (pre-fire soil) was used. Therefore, changes in 
microbial activity could be attributed to deposition of pyrOM on soil rather than changes 
due to soil heating. 
This particular study showed that pyrOM produced during prescribed fire is not 
completely inert and can provide a pool of labile C and nutrients that can be used by soil 
microorganisms. From the short-term incubation study (3 days; Chapter 4), adding 
pyrOM to soil at a rate of 5% soil dry weight increased concentrations of labile C, labile N 
and available P considerably. Adding pyrOM to soil increased rates of microbial respiration 
by up to eight times faster than the soil without addition of pyrOM. Rates of microbial 
respiration were fastest at the beginning of incubation and gradually declined over the 3 
day measurement period. The pattern of reduction in rates of respiration over the 
incubation time was strongly and positively related to the concentrations of labile C and 
available P in soil, but only weakly related to labile N. This suggests that labile C and 
available P provided by pyrOM were rapidly consumed by soil microorganisms.  
During the long-term incubation (86 days; Chapter 5), microbial respiration was enhanced 
at the start of the incubation period but returned to rates similar to soil with no pyrOM 
added. This decrease occurred after several days or weeks depending on soil characteristics 
and the rate of application of pyrOM. Adding a greater amount of pyrOM to soil 
contributed to greater microbial respiration. However, microbial respiration was not 
dependent on the size fraction of pyrOM used. Soil moisture content did not seem to affect 
microbial response in either the short or long-term incubation (Chapter 4 and 5), possibly 
due to variability in water holding capacity among the different soil types used, and/or any 
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effect was masked by the magnitude of microbial stimulation. These findings suggest that 
pyrOM should be considered as an important source of C and other nutrients for soil 
microbial processes, particularly P, shortly after prescribed burning. In the longer term, the 
availability of C and nutrients is more dependent on soil characteristics.  
7.2.3 Potential of pyrogenic organic matter as a long-term carbon sink  
Substantial amounts of pyrOM can be produced during fire depending on forest and fire 
types (Table 7.2). In Australian temperate forests, prescribed fires have been estimated to 
produce 2.1–2.4 t C ha-1 pyrOM (Volkova et al. 2014; Jenkins et al. unpublished). Greater 
amounts of pyrOM are produced during bushfire and estimates of 3.6–9.7 t C ha-1 have 
been made for high intensity fires (Santin et al. 2012). Given these quantities, it is not 
surprising that pyrOM produced during fire has been proposed as a long-term C sink (e.g. 
Deluca and Aplet 2008; Adams 2013; Santin et al. 2015). However, pyrOM produced 
during fire varies in both rate of production (Table 7.2) and physical and chemical 
characteristics (e.g. Alexis et al. 2007; Nocentini et al. 2010a; Aponte et al. 2014; Jenkins et 
al. 2014; Santin et al. 2015; this study). As shown in Chapter 4, pyrOM provides labile C 
and nutrients (N and P) to enhance C released via microbial respiration, which may reduce 
the C storage potential if the net loss is greater than the net gain. 
Pyrogenic OM produced during prescribed burning was characterised according to size 
fraction and C content. In agreement with other studies (Alexis et al. 2010, 2012; 
Nocentini et al. 2010a; Jenkins et al. 2014), size fractions of pyrOM collected from 
different sites had similar chemical compositions (Chapter 2). The C content of pyrOM 
increased according to increasing size fractions and, therefore, larger size fractions offer a 
greater potential for C storage. Interestingly, for the long-term incubation (Chapter 5), 
adding two different size fractions of pyrOM to soil resulted in similar amounts of CO2 
being released through microbial respiration. This demonstrates that coarse pyrOM 
potentially contributes a greater net amount of C to soil compared to finer size fractions. 
Nevertheless, for both size fractions of pyrOM, the amount of C added as pyrOM to soil 
outweighed C loss via microbial respiration representing a net gain of C. However, 
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differences in concentrations of pyrOM-C in soil could not be detected before and after fire 
(Chapter 6). This suggests that historical pyrOM in soil was not consumed during low 
intensity fire and newly produced pyrOM may have not yet been mixed into the soil profile 
during the year after prescribed burning. Pyrogenic OM deposited on the soil surface is 
highly susceptible to erosion by wind or water or can be lost via consumption during the 
next fire (Forbes et al. 2006; Cerda and Doerr 2008). The fate of pyrOM in a post-fire 
environment needs to be studied to fully understand the redistribution of C after fire. 
Another important consideration is that the quantification of pyrOM is currently 
constrained by standard protocols for soil research. Firstly, only particles that are smaller 
than 2 mm are consider as part of the soil (Intergovernmental Panel on Climate Change 
(IPCC) 2003). However, considerable amounts of pyrOM are larger than 2 mm and 
therefore are not included in estimation of soil C (Bauhus et al. 2002; Jenkins et al. 
unpublished). For example, in Chapter 2 it was shown that the size fraction between 4.75–
9 mm could represent up to 35% of the total biomass of the pyrOM produced during a 
prescribed burn and contained twice as much C as the <1 mm fraction. Secondly, the 
standard protocol for estimation of soil C requires analysis of soil from depths of 0–30 cm 
(IPCC 2003). However, much of the C in soil in temperate eucalypt forests of Australia is 
concentrated within the top few centimetres of soil (Chapter 6). Studies also showed that 
impact of soil heating on soil C occurs in the top few centimetres of soil and the decreased 
with depth (Floyd 1976; Raison 1979; Bradstock and Auld 1995; Hatten and Zabowski 
2010; Santín et al. 2015) and the inclusion of soil from greater depths is likely to ‘dilute’ C 
concentrations. Undoubtedly, this was also the case in the studies presented here. Finally, 
the concentration of pyrOM in soil has high spatial variation (up to 80% coefficient of 
variation among sites; Chapter 6). This could be due to different fire intensity according to 
variations in fuel characteristics and environmental conditions (Penman et al. 2007; 
Bradstock et al. 2010; McCaw 2013). This source of variation may be even greater than the 
changes in soil C resulting from prescribed fire. It is evident that the current protocols for 
estimation of soil C are not sensitive enough to detect subtle nuances in soil C and, 
therefore, have limited use in analysing or interpreting the effect of a single prescribed fire 
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on pyrOM in soil. Estimation of soil C incorporating the effect of fire on upper soil layers 
by measuring C in small depth increments (i.e. say 1–2 cm increments to 10 cm depth) will 
be an advantage for developing a standardised and effective sampling strategy.  
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Table 7.2: Estimated production of pyrogenic organic matter (pyrOM) from wildfire/bushfire, prescribed fire and experimental fires, modified 
from Santin et al. (2015). ‘Forest floor’ refers to all component of pyrOM deposited on forest floor. 
Forest 
ecosystem 
Fire type PyrOM component Method for quantification of 
pyrOM  
PyrOM 
production 
(t C ha-1) 
Study 
Boreal Wildfire Forest floor Benzene polycarboxylic acids 
molecular maker 
00.6 Czimczik et al. (2003) 
Boreal Wildfire Bark on standing snags Visual and gravimetric 0.25–0.06 Makoto et al. (2012) 
Boreal Experimental Forest floor, overstorey 
(bark and needles) 
Total C 4.8 Santin et al. (2015) 
Temperate Laboratory 
(fuel beds) 
Forest floor Visual, gravimetric and total C 
quantification 
2.0–2.5 Brewer et al. (2013) 
Temperate Prescribed 
(slash pile) 
Forest floor Visual, gravimetric and total C 
quantification 
0.05–0.21 Finkral et al. (2012) 
Temperate Wildfire Coarse woody debris Visual and volumetric 6.4 Tinker and Knight (2000) 
Temperate Experimental 
(slash-and-burn) 
Forest floor Visual, gravimetric and total C 5.4 Eckmeier et al. (2007) 
Temperate Wildfire Ash Organic C 3.6 –9.7 Santin et al. (2012) 
Temperate Wildfire Forest floor Visual, gravimetric and total C  0.12 Clay and Worrall (2011) 
Temperate Prescribed Forest floor <9 mm Total C 2.1 Jenkins et al. (unpublished) 
Temperate Prescribed Forest floor Total C 1.0 Volkova et al. (2014) 
Tropical Prescribed (slash-
and-burn) 
Forest floor Visual and gravimetric 2.2 Fearnside et al. (1999) 
Tropical Prescribed 
(slash-and-burn) 
Forest floor Visual and gravimetric 3.2 Fearnside et al. (2001) 
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Table 7.2 continued     
Forest 
ecosystem 
Fire type PyrOM component Method for quantification of 
pyrOM  
PyrOM 
production 
(t C ha-1) 
Study 
Tropical Prescribed (slash-
and-burn) 
Forest floor Visual and gravimetric 1.2 Fearnside et al. (2007) 
Tropical Experimental 
(slash-and-burn) 
Forest floor Visual, gravimetic and total C  4.5 de Alencastro Graça et al. 
(1999) 
Tropical Prescribed (slash-
and-burn) 
Ash Total C 1.4–3.1 Kauffman et al. (1995) 
Tropical Prescribed (slash-
and-burn) 
Ash Total C 0.5–0.8 Kauffman et al. (1998) 
Tropical Prescribed (slash-
and-burn) 
Forest floor Visual, gravimetric and total C 6.0 Righi et al. (2009) 
Savanna Prescribed  
(slash-and-burn) 
Forest floor Visual, gravimetric and total C 0.48 Rumpel et al. (2009) 
Savanna Experimental 
(slash-and-burn) 
Forest floor Thermo-chemical and total C <0.05 Kuhlbusch et al. (1996) 
Savanna Experimental 
 (1 m2 plots) 
Surface fuel excluding 
coarse woody debris 
Visual, gravimetric and total C 0.23–1.24 Saiz et al. (2014) 
Mediterranean Wildfire Coarse woody debris Visual and volumetric 0.3–0.6 Donato et al. (2009) 
Mediterranean Wildfire Ash Organic C 1.15–1.45 Goforth et al. (2005) 
Mediterranean Prescribed Forest floor Visual, gravimetric and total C 1.4 Alexis et al. (2007) 
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7.2.4 Quantification of pyrogenic carbon in soil 
Characterisation of pyrogenic C in soil (pyrOM-C) is difficult due to poorly defined 
characteristics of pyrOM and lack of standard analytical methods (Preston and 
Schmidt 2006; Hammes et al. 2007; Kleber 2010). In Chapter 6, pyrOM-C was 
regarded to be C that is resistant to chemical oxidation and/or is present in forms of 
condensed aromatic molecular structure. Two complementary analytical techniques 
were used. Firstly, a Cubist prediction model (Kuhn et al. 2013) was created using 
mid-infrared (MIR) spectroscopy obtained for soil samples and calibrated with KMD 
digestion (Kurth et al. 2006)(MIRKMD-Cubist). This approach was used successfully 
to quantify the concentration of pyrOM-C in soil. The proportion of pyrOM-C to 
total C in soil was found to vary greatly among study sites and soil profiles, however 
the proportions were within the range found for other soil types in Australia 
(Lehmann et al. 2008). The range measured in my study was also within the range 
reported for soil from different countries with different types of vegetation and fire 
regimes and using different methods of quantification (e.g. Czimcik et al. 2005; 
Rumpel et al. 2006; Eckmeier et al. 2007a; Leifield et al. 2007; Rovira et al. 2009; 
Llorente et al. 2010, see Chapter 6, Table 6.10). 
Thermochemolysis in the presence of tetramethylammonium hydroxide (THM-
GC/MS) was used to identify the molecular composition of organic material in soil. 
Remarkably, there were no obvious differences in the molecular composition between 
soil collected before and after prescribed fire. Some of the more common indicators 
of the effect of fire were not evident in this study. For example, there was no increase 
in the relative abundance of aromatic compounds (Knicker et al. 2005; Kaal and 
Rumpel 2009; Knickers 2011a; Kaal et al. 2014) or decreases in the relative 
abundance of polysaccharide-derived compounds (Tinoco et al. 2006; de la Rosa et 
al. 2008a, 2008b; Alexis et al. 2012). As suggested earlier, sampling the soil profile at 
a much finer scale is recommended for realising the potential of this type of analytical 
technique when studying low intensity fire. 
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Prediction models built on MIR spectra have been shown to be applicable for 
forecasting a wide range of physical and chemical soil properties (McBratney et al. 
2006; Viscarra Rossel and Webster 2011, 2012; Soriano-Disla et al. 2013). Despite 
the purported limitation of this technique as it was applied in this study, it is strongly 
recommended that the use of MIR spectroscopy be developed further to build up 
library of spectra for soil properties, including soil C, associated with varying 
vegetation types and fire regimes. Since building a prediction model based on MIR 
spectra is a proven cost-effective and time-saving method, it is ideal for studies 
dealing with large numbers of soil samples, particularly studies attempting to capture 
spatial heterogeneity and natural variation. The development of spectral libraries 
could be an important feature of landscape-scale and long-term fire research in 
Australia.  
7.3 Implications for soil and carbon management 
7.3.1 Why should fire managers be concerned about carbon? 
As highlighted by the research presented in my thesis there are three main reasons 
why fire managers should have a broad understanding about the transformation that 
soil C undergoes during fire. 
(1) Globally, an average of 2 Pg C yr-1 was released from vegetation fires during the 
last decade (1997–2009), and of that, 6.7% was contributed from fire in Australia 
(van der Werf et al. 2010). One of the main objectives of the Kyoto Protocol to the 
United Nations Framework Convention on Climate Change (UNFCCC, 1998) was 
to protect and enhance sinks and reservoirs of greenhouse gases. In response to targets 
for reducing greenhouse gas emissions in Australia, the Carbon Credit (Carbon 
Farming Initiative) Act 2011 (Department of the Climate Change and Energy 
Efficiency 2011) was introduced. This Act was mainly directed towards the 
agricultural industry including activities such as rice cultivation and manure 
management (Chan et al. 2010; Cowie et al. 2012). In northern Australia, prescribed 
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burning is also eligible under the Carbon Farming Initiative Savanna Burning 
Abatement 2001 (UNFCCC 1998: Article 3, Annex A; Department of Climate 
Change and Energy Efficiency 2013) due to the high frequency of fire in savanna 
vegetation (Murphy et al. 2010; Hunt et al. 2014; Walsh et al. 2014; Walton et al. 
2014; Whitehead et al. 2014). In this context, fire management in this fire prone 
ecosystem is an important component of C loss mitigation. However, in other parts 
of Australia, including Victoria, there is limited knowledge of how to alleviate C loss 
through fire management practices of non-savanna type ecosystems (Bradstock et al. 
2012; Adams 2013). Considering the capacity of prescribed burning as a means of 
protecting and providing input to soil C stocks, this study provides a basis for further 
discussion around the development of fire management plans that take into account 
soil C balances and the potential for long-term sequestration of C.  
(2) Fire management plans utilise regular prescribed fires as a tool to reduce the risk 
of bushfire. From a soil C point of view, high intensity fires can contribute to the 
destruction of SOM and loss of soil C— a loss that may not be recovered for decades 
after fire (Certini 2005; Knicker 2007). Prescribed fires are planned and conducted 
to burn at low intensity and severity, with the intention that fuel will be removed 
with minimal impact on the environment. By reducing the fuel load, the severity of 
subsequent fires is likely to be lowered, therefore reducing loss on soil C (Volkova et 
al. 2014). This study provides strong evidence that soil C in temperate eucalypt 
forests is mostly resilient to a single prescribed fire. Small pools of active C are 
affected by fire but the effects are transitory and are reduced over time. However, a 
note of caution about the importance of measuring all pools of soil C rather than just 
the total amount of C to interpret the effects of fire on soil must be made here. 
(3) Finally, one of the challenges for C storage in forest ecosystems is that C stored in 
biomass or soil has the potential to be released back to the atmosphere (Cowie et al. 
2012). However, C stored as pyrOM, as compared to the original plant biomass, has 
a much greater potential for long-term C storage (Kuhlbusch 1996; Lehmann et al. 
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2006). Carbon loss due to microbial respiration is relatively small compared to the 
amount of C added to the soil from pyrOM (Jenkins et al. 2014; this study). This 
indicates that during prescribed fire, a portion of the C source (plant biomass) is 
converted to C sink (pyrOM) in forest ecosystems. The potential of this C sink is 
even greater for bigger particles of pyrOM. The role of pyrOM produced by 
prescribed fire on C loss mitigation should therefore be considered in C accounting 
methodologies. 
7.4 Recommendations for future research 
7.4.1 Standardised methods for characterisation of pyrogenic organic matter  
To fully understand the potential of pyrOM for long-term C storage, it is necessary 
to characteristic pyrOM using a standardised method that allows comparison among 
studies that investigate different fire regimes and vegetation types. It is already well 
recognised that a standardised analytical method is needed for characterising pyrOM 
(Masiello 2004; Preston and Schmidt 2006; Hammes et al. 2007, Chapter 6). For 
example, among the studies summarised in Table 7.2, different components of 
pyrOM were measured using different analytical techniques. Visual assessment and 
quantification of total C are the most common measures used but they are not 
universal. For studies related to vegetation fires, constraints are not only due to 
analytical techniques, but also the range of pyrOM being sampled and measured. 
The ash layer is a commonly studied component (e.g. Kauffman et al. 1995, 1998; 
Goforth et al. 2005; Santin et al. 2012), with fewer studies involving charred tree 
biomass (e.g. Makoto et al. 2012; Santin et al. 2015). However, to-date, the 
measurement of the fraction of pyrOM that is mixed into soil has being neglected, 
possibly due to the difficulty in collecting and analysing samples (Chapter 6). As 
frequently pointed out throughout this thesis, pyrOM produced from bushfire or 
prescribed fire can range from soot to charred coarse woody debris, which varies 
considerably in physical and chemical characteristics (Hedges et al. 2000). Adopting a 
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standard method for sampling and analysing pyrOM will form an important 
foundation for further studies related to pyrOM produced during vegetation fires. 
7.4.2 Investigating the effects of different fire regimes 
To reduce risks to life and property, prescribed fire needs to be applied on a regular 
basis depending on rates of fuel accumulation. A number of studies have investigated 
the effects of repeated fires on aboveground C stocks (e.g. Bennett et al. 2013; 
Aponte et al. 2014), over- and understorey species (Guinto et al. 1999, Tolhurst 
2003, Lewis et al. 2012) and soil microorganisms (e.g. Bastias et al. 2006; Campbell 
et al. 2008) but there is limited information about effect of frequent fires on soil C. 
While this study found a certain degree of resilience in soil C, it only investigated the 
effect of a single prescribed fire on soil processes. Determination of the production 
and fate of pyrOM after repeated fires is needed to benefit our understanding of the 
role of prescribed fire in long-term soil C dynamics. Studies using sites with a 
chronosequence of fire history, and with similar vegetation and soil characteristics, 
are recommended to advance this understanding. 
7.5 Conclusion 
This study investigated the temporal changes of soil C and nutrient pools after a 
single prescribed fire and during soil incubations with pyrOM produced during fire. 
The results highlight that fire can modify soil C and nutrients—both directly and 
indirectly—and that the extent of the effect varies over time and with site 
characteristics. The comprehensive sampling strategy underpinning this study added 
an unprecedented degree of robustness to my research. Confounding factors such as 
climatic and site variation can otherwise mask patterns and this has frequently been 
reported in the literature (e.g. Andersson et al. 2004; Knicker 2007; Nave et al. 2011; 
Volkova and Weston 2013; Santín et al. 2015). Some of the key sampling and 
experimental strategies that enabled this included: (1) sampling sites with the same 
type of vegetation across the landscape to emphasis the influence of varying soil 
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characteristics; (2) measurements made at both the landscape- and site-scale; (3) 
multiple sampling times within the same season to avoid confounding climatic 
influences on the active C pool; (4) incubations done using pyrOM produced during 
prescribed fire, and closely matched to its corresponding soil collected before fire; and 
(5) a wide range of pools of soil C and nutrients were considered. The use of these 
strategies should be applied to future studies investigating the long-term effects of 
prescribed fire and pyrOM on soil C and nutrient pools over different seasons or 
decades, in which the confounding influences of soil moisture and temperature 
change, or differing rates of vegetation regrowth or litter accumulation, might 
otherwise conceal. This would allow for a more holistic understanding of forest C 
and nutrient dynamics, improvements in C accounting, and the enhancement of 
modelling capabilities for the projection of changes in C stocks with future fires and 
climate change. 
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